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Abstract 

Osteoarthritis (OA) is a joint disease characterized by articular cartilage degradation. Persistent low-grade inflamma-
tion defines OA pathogenesis, with crucial involvement of pro-inflammatory M1-like macrophages. While mesenchy-
mal stromal cells (MSC) and their small extracellular vesicles (sEV) hold promise for OA treatment, achieving consistent 
clinical-grade sEV products remains a significant challenge. This study aims to develop fully characterized, reproduc-
ible, clinical-grade batches of sEV derived from umbilical cord (UC)-MSC for the treatment of OA while assessing its 
efficacy and safety. Initially, a standardized, research-grade manufacturing protocol was established to ensure consist-
ent sEV production. UC-MSC-sEV characterization under non-cGMP conditions showed consistent miRNA and protein 
profiles, suggesting their potential for standardized manufacturing. In vitro studies evaluated the efficacy, safety, 
and potency of sEV; animal studies confirmed their effectiveness and safety. In vitro, UC-MSC-sEV polarized mac-
rophages to an anti-inflammatory M2b-like phenotype, through STAT1 modulation, indicating their potential to create 
an anti-inflammatory environment in the affected joints. In silico studies confirmed sEV’s immunosuppressive signa-
ture through miRNA and proteome analysis. In an OA mouse model, sEV injected intra-articularly (IA) induced hyaline 
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cartilage regeneration, validated by histological and μCT analyses. The unique detection of sEV signals within the knee 
joint over time highlights its safety profile by confirming the retention of sEV in the joint. The product development 
of UC-MSC-sEV involved refining, standardizing, and validating processes in compliance with GMP standards. The 
initial assessment of the safety of the clinical-grade product via IA administration in a first-in-human study showed 
no adverse effects after a 12 month follow-up period. These results support the progress of this sEV-based therapy 
in an early-phase clinical trial, the details of which are presented and discussed in this work. This study provides 
data on using UC-MSC-sEV as local therapy for OA, highlighting their regenerative and anti-inflammatory properties 
and safety in preclinical and a proof-of-principle clinical application.

Keywords Small extracellular vesicles, Exosomes, Osteoarthritis, Mesenchymal, Stem cells, Stromal cells, First-in-
human, Manufacturing, Macrophage polarization

Graphical Abstract

Introduction
Osteoarthritis (OA) is the most prevalent progressive 
multifactorial joint disease and is characterized mainly 
by the deterioration and loss of articular cartilage. OA 
is one of the main sources of chronic pain and disabil-
ity in developed countries, causing substantial costs to 
the health and employment welfare systems [22, 24, 
51]. The knee is the most affected joint, accounting for 
almost four-fifths of the OA burden worldwide [14]. 
To date, knee OA does not have treatments capable of 
delaying cartilage deterioration or restoring the func-
tion of the articular cartilage, basing its treatment on 
the symptomatic control of pain and joint stiffness 
through multimodal approaches [32].

The pathogenesis of OA is intricate and heterogene-
ous, with low-grade chronic inflammation recognized 
as a pivotal process in its onset and progression [75]. 
Prominent features of OA include chronic synovitis and 
cartilage degeneration, and emerging evidence suggests 
that synovial inflammation precedes cartilage degener-
ation [88]. Macrophages in synovial tissue, particularly 
the pro-inflammatory M1-like subtype, play a crucial 
role in initiating, sustaining, and amplifying inflam-
mation by releasing cytokines such as IL-1β, IL-6, and 
TNF-α [19]. Conversely, M2-like macrophages, with 
an anti-inflammatory phenotype, secrete cytokines like 
IL-10, which are essential for tissue repair and inflam-
mation resolution [19]. In patients with OA, synovitis is 
characterized by an increased number of M1-like mac-
rophages that produce reactive oxygen species (ROS) 
[84,95], which contributes to inflammation, matrix dys-
regulation, and cartilage damage [44, 92]. The impact 
of ROS on chondrocytes has been extensively docu-
mented, demonstrating that oxidative stress induces 

apoptosis in primary cartilage cells [27, 53]. In animal 
models of OA, reducing pro-inflammatory mediators 
and ROS levels ameliorates crucial pathophysiological 
aspects of OA, underscoring the control of inflamma-
tion and oxidative stress as a targeted therapeutic strat-
egy for OA treatment [3, 41].

Mesenchymal stromal cells (MSC) have been widely 
studied as a possible biological therapy for OA, high-
lighting their clinical intra-articular (IA) application 
as a potential modality capable of halting or poten-
tially reversing the degradation of articular cartilage 
in animal models [77]. This therapeutic effect has been 
intricately linked to small extracellular vesicles (sEV), 
which demonstrate similar paracrine tissue regenera-
tive capabilities to their cellular counterparts while pre-
senting a cell-free and safer product [39, 68, 86, 91]. 
In animal models of OA, therapies utilizing MSC-sEV 
have demonstrated promising preclinical efficacy by 
promoting cartilage regeneration and mitigating OA 
progression through the modulation of immune reac-
tivity [96], restoring cartilage matrix homeostasis [98] 
and chondrogenic stimulation [12]. Therapeutic out-
comes depend mainly on the origin of the parental cell 
[6]. Although there are no clinical reports of IA admin-
istration of MSC-sEV therapeutics in patients with 
OA, clinical cases of graft-versus-host disease [33] and 
chronic kidney disease [59] have reported good toler-
ability after systemic administration, which substanti-
ates the ongoing early-stage clinical development of 
sEV-based therapeutics.

Pursuing standardized manufacturing protocols to 
produce clinical-grade products with defined critical 
quality attributes poses a significant challenge for clini-
cal research groups. Ensuring consistency and repro-
ducibility across diverse production batches remains 
paramount [67]. The governing principle of "the pro-
cess is the product" necessitates stringent delineation, 
characterization, and oversight at every manufactur-
ing phase, from initial parental tissue selection to the 
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ultimate packaging of the final product. This strict 
process design should integrate preclinical evidence 
and be meticulously formulated within a regulatory 
framework. Despite ongoing efforts, no clinical-grade 
sEV-based products have yet obtained market approval 
from regulatory agencies for any medical indication, 
including OA treatment.

According to our previously published data, the umbili-
cal cord (UC) is the most promising source of MSC for 
treating OA due to its superior chondrogenic capacity 
and ability to suppress T-cell proliferation in vitro, along 
with lower angiogenic properties compared to bone mar-
row and other sources of placental origin [23]. The results 
were validated in a Phase I/II Randomized Controlled 
Clinical Trial and in a Phase I Dose Escalation Clinical 
Trial conducted in 2019 (NCT  No.  02580695) [47, 48]. 
Given that the mechanism of action (MoA) underly-
ing this therapy is highly associated with sEV, we aimed 
to develop a clinical-grade therapy based on UC-MSC-
derived sEV to treat knee OA. The objective of this study 
is to investigate their efficacy and safety profile. To ensure 
consistent production of the therapeutic product, we ini-
tially developed a standardized research-grade manufac-
turing protocol. We extensively studied the efficacy, safety 
profile, and underlying MoA using various in vitro and in 
vivo experimental approaches. Subsequently, this manu-
facturing process underwent adaptation, homologation, 
and validation to adhere to good manufacturing prac-
tice (GMP) regulations, ensuring compliance with qual-
ity standards for clinical use. Finally, the clinical-grade 
product underwent its first safety assessment in human 
through IA administration of the knee joint. Our results 
showed a complete characterization of sEV derived from 
UC-MSC under non-cGMP conditions. We identified 
consistent miRNA and protein profiles across multi-
ple batches, indicating the potential of a standardized 
manufacturing process. This research offers a compre-
hensive insight into the preclinical characterization and 
initial clinical application of UC-MSC-derived sEV as an 
IA therapy for OA, emphasizing their regenerative and 
anti-inflammatory properties and safety profiles, as well 
as proof-of-concept engineering of sEV to incorporate an 
exogenous miRNA cargo for delivery in key cell lineages 
involved in OA. The work presented here culminates in 
the design of an early-phase clinical trial that is poised 
and expected to begin enrollment immediately. This trial 
uses a defined dose-escalation protocol of UC-MSC-sEV 
for the treatment of knee OA. The primary objectives of 
this trial will be to evaluate safety, feasibility, and toxicity 
and to determine the optimal feasible dose for consecu-
tive trials.

Materials and methods
Non‑clinical (non cGMP) sEV production and enrichment
Preclinical sEV batches were obtained as reported previ-
ously [20]. Briefly, UC-MSC from three donors in passage 
5 were seeded and expanded in a maintenance medium 
composed of Dulbecco’s modified Eagle’s medium 
(DMEM), high glucose, supplemented with 1% penicil-
lin/streptomycin solution (10,000  U/mL and 10,000  μg/
mL, respectively), 1% L-glutamine (200  mM) (all from 
Gibco, Paisley, United Kingdom), and 5% human platelet 
lysate (hPL) on 10-layer  Nunc™  EasyFill™ Cell  Factory™ 
systems (Thermo Fisher Scientific, Waltham, MA, United 
States, Cat. #140400) with a density of 6250  cells/cm2. 
After cells reached ∼70–80% confluence, the mainte-
nance medium was discarded, and cells were washed 
three times with PBS 1X before addition of the induction 
media (DMEM high glucose + 1% L-Glutamine) for sEV 
production for 48  h. The recovered medium was clari-
fied by serial centrifugations and filtrations. After obtain-
ing the total supernatant (SN), the sEV were centrifuged 
at 100,000 × g for 1 h at 4 °C, the SN was discarded, and 
the sEV were washed with PBS 1X. The suspension was 
then centrifuged at 100,000 × g for 1 h at 4 °C. The SN was 
again discarded, and the precipitated sEV were resus-
pended in the remaining PBS 1X and then preserved at 
−  80  °C until use. Ethical approval for the donation of 
umbilical cords to obtain stem cells with a therapeutic 
purpose was obtained from the Scientific Ethical Com-
mittee of the public agency Servicio de Salud Metropoli-
tano Oriente (CECSSMO050612) and written informed 
consent was obtained from the umbilical cord donor.

sEV characterization and staining
sEV characterization for size, concentration, iden-
tity, and purity assessment was performed according to 
MISEV guidelines [87], following the protocols previ-
ously described by our group [20] with no changes in 
the antibodies or equipment used. Briefly, the size mode 
(nm) and concentration (particles/mL) of the sEV prepa-
rations were assessed by nanoparticle tracking analy-
sis (NTA) using a NanoSight NS300 system (Malvern 
Instruments Limited, United Kingdom), considering the 
sample dilution in the respective sEV suspension solution 
(PBS or Ringer Lactate). The presence of tetraspanins 
CD63, CD81, and CD9 (sEV surface markers), CD44 and 
CD90 (MSC origin markers) (BioLegend, United States 
of America, Cat. #397502 and Cat. #328102, respec-
tively) and HLA DR/DP/DQ and HLA A/B/C (major 
histocompatibility complex class I and class II antigens, 
respectively) (BD Biosciences, United States of Amer-
ica, Cat. #564244 and eBioscience Cat. #14-9983-82) 
was evaluated by flow cytometry on a FACSCanto™ II 
cytometer (BD Biosciences, United States of America). 



Page 4 of 32Figueroa‑Valdés et al. Journal of Nanobiotechnology           (2025) 23:13 

The acquired data were analyzed using FlowJo software 
(V10, BD, United States of America). The presence of 
Syntenin-1 (sEV endosomal origin marker), Flotillin-1 
(sEV membrane marker), Calnexin (endoplasmic reticu-
lum marker), and TOMM20 (mitochondria marker) was 
evaluated by western blot. The structure of sEV was eval-
uated by transmission electron microscopy (TEM) fol-
lowing a previously standardized protocol established by 
our group [20, 94]. Images were captured using a  Talos™ 
F200C G2 (Scanning) TEM (Thermo Fisher Scientific) 
at the Advanced Microscopy Facility UMA-UC (Pon-
tificia Universidad Católica de Chile, Santiago, Chile). 
sEV staining for in  vitro and in  vivo tracking was per-
formed according to a previously established protocol 
by our group [20, 69] using the lipophilic near-infrared 
fluorescent cyanine dye DiR (Biotium, United States of 
America, Cat. #60017) as sEV-membrane staining agent 
and washed using MW 3000 size-exclusion exosome 
spin columns (Invitrogen, United States of America, 
Cat. #4484449) according to the manufacturer’s instruc-
tions. The stained particles were analyzed using NTA as 
described previously [20].

sEV cargo characterization: miRNA profiling 
and proteomics
Three independent UC-MSC donors were selected for 
the production and enrichment of sEV. The obtained sEV 
were characterized by NTA to determine the size mode 
and particle concentration and by flow cytometry to eval-
uate CD63 expression as sEV marker (> 90% of positive 
events). A value of 4 ×  109 sEV particles of each UC-MSC 
donor was used for miRNA profiling and proteomics.

The sEV-miRNA cargo profile was determined using 
the services of FIRALIS S.A. (Huningue, France; www. 
firal is. com). Briefly, miRNA profiling was performed 
using HTG/EdgeSeq Whole Transcriptome Assay (WTA; 
2083 miRNAs), followed by sequencing on an Illumina 
NextSeq 500. The data obtained were normalized before 
the comparative analyses. The miRNA enrichment per-
centages were calculated by considering the number 
of reads of a particular miRNA and the total number of 
reads in the sample.

For sEV-protein cargo identification, label-free quan-
tification (LFQ) coupled with high-resolution mass 
spectrometry was performed at the Clinical Proteomic 
Platform of the Institute for Regenerative Medicine & 
Biotherapy of the University of Montpellier (Montpellier, 
France). For this purpose, sEV were lysed, and the pro-
teins were reduced, alkylated, and digested with trypsin 
using magnetic beads. The peptides were desalted and 
injected into a nanoLC-Q-TOF Impact II (Bruker, United 
States of America). Protein identification was performed 
with Maxquant software (V1.6.17.0; Max Planck Institute 

of Biochemistry, Germany). The parameters used were 
the following: trypsin as digestion enzyme, 1 as the num-
ber of missed cleavages, a tolerance of 10 ppm for parent 
ions and 0.05 Da for MS/MS spectra, the minimum pep-
tide size was 5 amino acids, the maximum peptide mass 
was 4.600 Da and a protein identification false discovery 
rate (FDR) was set at 2.5%. The UniProt database was 
used as the reference (V01/02/2021). The initial protein 
amount normalized to LFQ intensities for each protein 
before data processing was performed using the LFQ-
Analyst platform. Proteins that were considered contami-
nants and redundant were removed. LFQ data for each 
protein were transformed using the log2(x) formula. The 
data were then normalized to a normal distribution and 
missing values were imputed using the BCPA (Bayesian 
missing value imputation) method.

In vitro biological activity of UC‑MSC‑sEV
Cell isolation and culture
For in  vitro studies, human osteoarthritic chondrocytes 
(huOAC), synoviocytes, and monocytes were procured 
following established protocols, which were reviewed and 
approved by the Scientific Ethics Committee of Univer-
sidad de Los Andes (approval certificate #CEC2021077). 
Tissue samples were collected after obtaining writ-
ten informed consent from the donors, adhering to the 
institutional guidelines of the Universidad de los Andes. 
The isolation and expansion of huOAC were performed 
using previously described methodologies [65]. Briefly, 
huOAC and synoviocytes were isolated from joint tissues 
of patients who underwent total knee or hip replacement 
surgery. The cartilage tissue for huOAC isolation was 
sectioned into thin slices and subjected to one hour-long 
digestion using a protease solution (Merck KGaA, Ger-
many, Cat. #P5147) at 37 ºC under continuous agitation. 
This was followed by secondary digestion in a collagenase 
II solution (Sigma-Aldrich, United States of America, 
Cat. #C6885) for 16 h at 37 °C under constant agitation. 
Synoviocytes were obtained by slicing the synovial mem-
brane into approximately 1   mm2 pieces and digesting 
them in a collagenase I solution (Sigma-Aldrich, United 
States of America, Cat. #C0130) under similar condi-
tions. After digestion, huOAC and synoviocyte samples 
were filtered through a 40  μm cell strainer (FALCON, 
United States of America, Cat. #352340) to eliminate 
undigested tissue. The cells were cultured in DMEM 
supplemented with 10% fetal bovine serum (FBS; Gibco, 
United States of America, Cat. #10437028), 1% P/S, and 
1% L-glut under standard culture conditions. Mono-
cytes were derived from peripheral blood mononuclear 
cells obtained from healthy blood donors using Ficoll-
Paque™ PLUS (Cytiva, Sweden, Cat. #171440002) fol-
lowing the manufacturer’s instructions. Monocytes were 

http://www.firalis.com
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isolated using the  EasySep™ Human Monocyte Isolation 
Kit (StemCell  Technologies™, Canada, Cat. #19359) fol-
lowing the manufacturer’s guidelines. Upon isolation, 
monocytes were cultured in Iscove’s Modified Dulbecco’s 
Medium (IMDM; Gibco, United States of America, Cat. 
#12440–053) supplemented with 10% FBS, 1% P/S, 1% 
L-glut, 20  mM HEPES (Gibco, United States of Amer-
ica, Cat. #15630080), 50 μM β-mercaptoethanol (Gibco, 
United States of America, Cat. #21985–023), and 1% 
MEM non-essential amino acids (Gibco, United States 
of America, Cat. #11140–050) under standard culture 
conditions. Additionally, macrophage colony-stimulating 
factor (M-CSF; 20  ng/mL) (BioTechne, R&D Systems, 
Cat. #216-MC) was immediately added to the culture 
media to induce monocyte-macrophage differentiation.

sEV internalization assays
The PKH26-stained sEV internalization assay in huOAC, 
synoviocytes and macrophages was performed as pre-
viously described with some modifications. Briefly, 
PKH26 (Sigma-Aldrich, United States of America, Cat. 
#PKH26GL)-stained sEV were added to the culture 
media of either huOAC, synoviocytes or macrophages 
(1 ×  108 particles per 200,000 cells). After 24 h, the cells 
were fixed with 4% PFA and permeabilized with a PBS 
1X + Triton X-100 0.1% solution for 10  min on vertical 
agitation. huOAC and synoviocytes were stained with 
phalloidin-Alexa Fluor 488 at a 1:600 dilution (Invit-
rogen, United States of America, Cat. #A12379) and 
macrophages were stained with anti-CD206 at a 1:500 
dilution (Biolegend, United States of America, Cat. 
#321110). Finally, the cells were washed three times with 
PBS 1X before mounting on 12  mm glass slides using 
Fluoroshield with DAPI (Abcam, United States of Amer-
ica, Cat. #ab104139). Samples were left to dry at RT for at 
least 30 min, after which images were taken using a con-
focal microscope (SP8, Leica, Germany).

DiR-stained sEV internalization assay was performed 
in huOAC cells according to a previously established 
protocol by our group [2, 20, 69], with some modifica-
tions. Briefly, 10,000/well of huOAC were seeded in 
4-well plates and cultured in 300 μL/well of DMEM sup-
plemented with 10% FBS, 1% L-glut, and 1% P/S. After 
24  h, cells were washed three times with PBS 1X, and 
a solution of 300  μL of DMEM (supplemented with 1% 
L-glut) containing DiR-stained sEV (35 ×  103 particles 
per cell) was added per well. As an internalization con-
trol, a second 4-well replicate was cultured in parallel; 
however, once the sEV were added, they were incubated 
at 4  °C. After 16 h, cells were detached and analyzed by 
flow cytometry on a  FACSCanto™ II cytometer (BD Bio-
sciences, United States of America), and the data were 
analyzed using FlowJo software (V10, BD, United States 

of America). For confocal microscopy imaging, huOAC 
(30,000 cells/well) were cultured on a 10 mm cover glass 
coated with Poly-L-Lysine in a 4-well plate. The cells were 
treated with 30 ×  103 DiR-stained sEV/cell. Following a 
16 h incubation period, huOAC were rinsed thrice with 
PBS 1X and fixed at room temperature (RT) for 30 min 
using 4% paraformaldehyde (PFA). Subsequently, nuclei 
were stained with Hoechst 33342 (Sigma Aldrich, United 
States of America, Cat. #63493) at a 1:2,000 dilution for 
15 min at RT, and the samples were then mounted on a 
microscopy slide using fluorescence mounting medium 
(Dako, United States of America, Cat. # S3023). The 
acquired images were examined using a confocal micro-
scope (SP8, Leica, Germany).

sEV loading with cel‑miR‑39
Engineered sEV were developed using electroporation 
to enrich them with a synthetic miRNA derived from 
Caenorhabditis elegans (cel-miR-39) (Ambion, United 
States of America, Cat. #4464076; Assay ID: MC20682). 
For this, sEV (2 ×  109 particles) loaded with cel-miR-39 
(360 nM) were resuspended in buffer containing sucrose 
(50 mM) (Sigma-Aldrich, United States of America, Cat. 
#S7903) in a total volume of 100 μL. Electroporation was 
performed using a single 4  mm cuvette in a Nucleofec-
tor electroporation system (Lonza, Germany, Cat. #AAF-
1002B & AAF-1002X) following the ER-113 program. 
After electroporation, the sEV were incubated for 30 min 
at 37  °C for membrane stabilization. Subsequently, 
RNAse A (Thermo Scientific, United States of Amer-
ica, Cat. #EN0531) was added to a final concentration 
of 5  μg/mL and incubated at 37  °C for another 30  min. 
The treated sEV were stored at − 80 °C for at least 24 h 
before downstream analysis. Quantification of the 
miRNA loaded within the sEV involved: RNA extraction 
(TRIzol Reagent, Invitrogen, United States of America 
Cat. #15596026), reverse transcription (Applied Biosys-
tems, United States of America, Cat. #43366596), qPCR 
(TaqMan, United States of America, Cat. #4440040), 
and miRNA cel-miR-39 TaqMan assay (Applied Biosys-
tems, United States of America, Cat. #4427975; Assay 
ID: 464312_mat). The engineered sEVs’ ability to trans-
fer miRNA cargo was assessed on huOAC, synoviocytes 
and monocyte-derived macrophages by culturing them 
for 24 h with engineered sEV loaded with cel-miR-39 and 
sEV loaded with a scrambled sequence (Ambion, United 
States of America, Cat. #4464076; Assay ID: MC20682) 
was used as the control (15,000 particles/cell). Following 
the abovementioned protocols, RNA extraction, reverse 
transcription, and qPCR analyses were conducted to 
determine cel-miRNA-39 transference to cells.
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Monocyte‑derived macrophage polarization assay in vitro
Monocytes isolated from three healthy donors were 
used in a monocyte-derived macrophage (hmMØs) 
differentiation  assay. Monocytes were seeded on a 
flat-bottom 96-well plate (100,000  cells/well) and 
cultured under standard conditions for 6–7  days in 
250 μL of MLR medium (10% FBS, 1% P/S 1%, L-glut, 
20  mM HEPES, 1% Non-Essential Amino Acid solu-
tion and 50  μM β-mercaptoethanol in Iscove’s Modi-
fied Dulbecco’s medium) supplemented with 20  ng/
mL M-CSF (BioTechne, United States of America, Cat. 
#216-MC). Half of the cell culture medium was dis-
carded every other day, and fresh MLR/M-CSF supple-
mented medium was added. After six days of culture, 
monocytes were differentiated into macrophages and 
characterized by flow cytometry using fluorophore-
conjugated antibodies for CD68 and CD11b detection 
(both from BioLegend, United States of America, Cat. 
#333816 and Cat. #101206, respectively). At this point, 
sEV treatment was started at 1 ×  108 sEV/well in MLR/
M-CSF supplemented medium (100  μL). After 24  h, 
the SN was collected to study the cytokine secretion 
by macrophages using enzyme-linked immunosorb-
ent assay (ELISA), and macrophages were detached to 
determine their polarization status by flow cytometry. 
The secreted Interleukin-10 (IL-10), Vascular endothe-
lial growth factor (VEGF), Interleukin-6 (IL-6), Tumor 
necrosis factor-alpha (TNF-α), and Interleukin-1β (IL-
1β) levels were determined by ELISA (Human DuoSet 
ELISA, R&D Systems, United States of America, Cat. 
#DY217B-05, DY293B-05, DY206-05, DY210-05, and 
DY201-05, respectively) following the manufacturer’s 
instructions. To evaluate the polarization status of 
hmMØs, CD68 and CD11b were used to discriminate 
double-positive cells. Antibodies against HLA-DR (BD 
Biosciences, United States of America, Cat. #564244) 
and CD86 (BioLegend, United States of America, Cat. 
#305420) were used for pro-inflammatory immunophe-
notyping (M1 polarization markers), and antibodies for 
CD206 and CD163 detection (BioLegend, United States 
of America, Cat. #321110 and Cat. #333606) were used 
for anti-inflammatory immunophenotyping (M2 polar-
ization markers). Normalization of the median fluores-
cence intensities (MeFI) of each M1 and M2 marker 
against the MeFI values obtained in no-treatment con-
trol macrophages was used to determine the polariza-
tion status of the cells: a higher proportion of HLA-DR 
and CD86 MeFI’s in comparison to CD206 and CD163 
MeFI’s was an indicative of pro-inflammatory M1-like 
polarization; on the contrary, a higher fold change of 
CD206 and CD163 MeFI’s in comparison to HLA-DR 
and CD86 was indicative of anti-inflammatory M2-like 
polarization. Cell viability staining (1:500, LIVE/

DEAD™ Fixable Near-IR Dead Cell Stain Kit; Invitro-
gen, United States of America, Cat. #L34975) was added 
to each sample for dead cell removal. Flow cytometry 
data acquisition was performed using a  FACSCanto™ II 
cytometer (BD Biosciences, United States of America). 
The acquired data were analyzed using the FlowJo soft-
ware (V10, BD, United States of America).

LDH‑based cytotoxicity assay
Lactate dehydrogenase (LDH) release-based sEV cyto-
toxicity assessment was performed in huOAC fol-
lowing the manufacturer’s instructions (Cytotoxicity 
Detection  KitPLUSLDH; Roche, Germany, Cat. #04 744 
926 001). Briefly, huOAC (2,900 cells/well) were plated 
on a 96-well flat-bottom cell culture plate and cul-
tured in complete medium (100  μL/well; 10% FBS, 1% 
P/S 1% and L-glut in DMEM). After 24 h, the medium 
was replaced with fresh DMEM supplemented with 
1% L-glut after three washes with PBS 1X, and sEV 
were added according to the following doses: dose 
1 = 100 ×  106  sEV/well; dose 2 = 400 ×  106  sEV/well. 
After 24  h, SN was recovered to quantify LDH fol-
lowing manufacturer’s instructions. The negative con-
trol corresponded to untreated huOAC, whereas the 
positive control corresponded to Triton X-100 treated 
huOAC.

Chondroprotective activity study
To evaluate the chondroprotective potential of sEV, 
menadione was used as a cell death-triggering agent 
in huOAC. For this purpose, huOAC (100,000 cells/
well) were seeded in DMEM supplemented with 10% 
FBS, 1% P/S, 1% L-glut (300 μL/well) in a 24-well plate. 
Once 80% confluence was reached, 20  μM of menadi-
one (Sigma-Aldrich, United States of America, Cat. 
#M5750-25G), and 1 ×  108 sEV/well were added to fresh 
media (300  μL). Control wells without menadione, or 
menadione + sEV were also considered. After 6 h, PBS 
1X containing 2% FBS (300 μL) was added to each well 
to wash and stop the menadione effect. Immediately, 
the SN was recovered and reserved, and the adherent 
cells were dissociated using TrypLE Express Enzyme 
(150 μL/well; Gibco, United Kingdom, Cat. #12605093). 
Next, PBS 1X containing 2% FBS (150  μL/well) was 
again added to recover the cells that may have remained 
attached to the wells. SN was centrifuged at 500 × g 
for 5 min at 4  °C to obtain a cellular pellet for further 
evaluation of apoptosis using FITC Annexin V Apop-
tosis Detection Kit I (BD Pharmingen, United States of 
America, Cat. #556547) according to the manufactur-
er’s instructions. For this, a mix of Annexin V (1.25 μL) 
and Propidium Iodide (2.5  μL) prepared in 50  μL of 
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Annexin V binding buffer was added per sample and 
incubated in darkness for 15  min at RT. Unstained, 
single-stained, and dead cells were used as controls. 
Flow cytometry data acquisition was performed using 
a  FACSCanto™ II cytometer (BD Biosciences, United 
States of America), and the data were analyzed using 
FlowJo software (V10, BD, United States of America).

Evaluation of the therapeutic potential of sEV in vivo
Animals
All mice studies were performed at the Cells for Cells S.A. 
animal facility following protocols revised and approved 
by the Institutional Animal Care and Use Committee 
(IACUC) of the Universidad de los Andes (approval cer-
tificate #CEC2021077). C57BL/6j mice (The Jackson Lab-
oratory; Cat. #000664) were bred and maintained in the 
same facility. Experiments were carried out using male 
and female mice aged 8 to 12  weeks, which were ran-
domly assigned to groups according to the experimental 
design. Mice were housed in cages with ad libitum access 
to food and water, along with pleated paper and paper 
cones for environmental enrichment. To ensure animal 
welfare, a supervision protocol was implemented based 
on established guidelines [56]. This study complies with 
the ARRIVE Guidelines for reporting animal research, 
and a complete ARRIVE checklist is provided in Supple-
mentary Checklist 1. No data was excluded in the analy-
sis of the in vivo studies.

Collagenase‑induced OA (CIOA) animal model
The collagenase-induced OA (CIOA) model was used as 
previously described [50, 81]. Three groups were estab-
lished to be compared: (1) Sham (healthy control, no 
OA induction), (2) OA (CIOA) and (3) sEV (CIOA ani-
mals treated with sEV). For OA and sEV groups, one unit 
of type VII collagenase from Clostridium histolyticum 
(Sigma-Aldrich, United States of America, Cat. #C2399) 
in 5  μL PBS 1X was IA administered to the knee joints 
of C57BL/6j mice on days 0 and 2. Additionally, for the 
sEV group, on days 7 and 14, the mice of sEV group were 
subjected to IA injections with 2 ×  108 sEV diluted in 5 μL 
PBS 1X. On day 42, the mice were euthanized, and paws 
were carefully dissected to remove soft tissues, followed 
by fixation in 4% PFA (Merck KGaA, Germany, Cat. 
#1004965000).

Micro‑computed tomography of X‑ray (μCT) and histological 
evaluations
Paw samples were analyzed in a μCT SkyScan 1278 
(Bruker, United States of America) using the follow-
ing parameters: 0.5  mm aluminum filter, 59 ± 4  kV, 500 
μA, 0.5° rotation and 360° angular range. The specimens 
were scanned in all spatial planes to obtain 2D and 3D 

digitalized images using the Nrecon reconstruction soft-
ware (V1.7.4.2; Bruker, United States of America). Then, 
standardized regions of interest (ROI) were obtained 
using the DATAVIEWER analyzer software (V1.5.6.2; 
Bruker, United States of America). The 2D (bone min-
eral density) and 3D (surface-to-volume ratio) bone 
changes in four knee zones (medial femur, lateral femur, 
medial tibia, and lateral tibia of each paw) were quanti-
fied usin the CTan software (V1.18.4.1; Bruker, United 
States of America). Subsequently, the paws were decalci-
fied through a two-week incubation in a 5% formic acid 
solution (prepared in distilled water; Merck KGaA, Ger-
many, Cat. #100264) and embedded in paraffin for his-
tological analysis. As previously described, tibias were 
sectioned frontally and stained with safranin O and Fast 
Green, as described for staining proteoglycans/carti-
lage and bone, respectively [76]. Cartilage degradation 
was quantified using a modified Pritzker/Osteoarthritis 
Research Society International (OARSI) score, as previ-
ously described [63, 81].

Immunogenic studies
For immunogenic analysis, three groups of mice were 
established: (1) sham, (2) OA and (3) sEV, as previ-
ously mentioned. Mice were IA injected with 5  μL PBS 
1X-solution containing ∼2 ×  108 particles of UC-MSC-
sEV. On day 10 (3 days after IA sEV administration), the 
popliteal lymph nodes were recovered and mechanically 
disaggregated. Then, cells were passed through a 40 μm 
filter (Falcon, United States of America, Cat. #352340) 
and centrifuged at 1680 rpm for 6 min and cultured for 
4 h with Phorbol 12-Myristate 13-Acetate (PMA, 50 ng/
mL; Sigma-Aldrich, United States of America, Cat. 
#P8139) and ionomycin (1  µg/mL; Sigma-Aldrich, Cat. 
#I0634) in the presence of 10 μg/mL brefeldin A (Sigma-
Aldrich, United States of America, Cat. #B6542). Subse-
quently, surface staining was performed using specific 
antibodies against CD4 (BioLegend, United States of 
America, Cat. #100422) and CD25 (Biolegend, United 
States of America, Cat. #102012), followed by fixation 
and permeabilization using Cytofix/Cytoperm™ (eBio-
science, United States of America, Cat. #5523). Finally, 
intracellular staining for IFN-γ (BD Pharmingen, United 
States of America, Cat. #554411), IL-17 (BD Pharmingen, 
United States of America, Cat. #560666) and Foxp3 (eBi-
oscience, United States of America, Cat. #125773–82) 
was achieved. Final acquisition was performed with 
a  FACSCanto™ II cytometer (BD Biosciences, United 
States of America), and the data were analyzed using 
FlowJo software (V10, BD, United States of America).
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sEV biodistribution study
To evaluate the in  vivo biodistribution pattern of sEV 
therapeutics, mice were IA injected with 5  μL-PBS 1X 
solution containing ∼2 ×  108 particles of freshly purified 
DiR-stained sEV and non-stained sEV (auto-fluorescence 
control) (n = 3 per group). At different time points after 
injection (0, 24, and 48  h), sEV fluorescence intensities 
were assessed using a LI-COR Odyssey imaging system 
(LI-COR Biosciences, United States of America) for the 
entire animal and excised organs according to the man-
ufacturer’s instructions. As control of the sEV staining 
procedure, DiR was diluted in 100 μL PBS 1X (at a con-
centration of 71 μM) and then washed using size-exclu-
sion spin columns.

In silico studies
A comparative analysis of miRNAs within the sEV 
derived from UC-MSC donors was performed. To ensure 
analytical robustness, a threshold was implemented, 
wherein miRNAs with a count per million (CPM) greater 
than 0.5 in at least two out of three samples were con-
sidered. The identified miRNAs were subsequently cross-
referenced with miRNet and HMDD databases [11, 15]. 
The target genes associated with the identified sEV-
miRNAs were selected and subjected to Gene Ontology 
enrichment analysis, focusing on biological processes, 
using the R package GOStats, GOchord, and networkD3 
[18].

Concurrently, for protein analysis, proteins present in 
sEV with at least 2500 LFQ (protein abundance value) 
in at least two out of the three samples analyzed were 
considered. The resultant proteins were subjected to 
Gene Ontology enrichment analysis, specifically focus-
ing on biological processes, using the R package GOStats, 
GOchord, and networkD3.

To determine the effect of sEV on putative tar-
get genes, hmMØs were subjected to the polarization 
assay described before and RNA was extracted (TRI-
zol Reagent, Invitrogen, United States of America Cat. 
#15596026) for reverse transcription assay. Trancript 
levels of STAT1 were determined by TaqMan assay 
(Applied Biosystems, United States of America, Cat. 
#4453320; Assay ID: Hs01013996_m1) and transcript lev-
els of PPARγ were determined by qPCR using Brilliant II 
SYBR Green (Agilent Technologies; Cat. #600828) and 
the following primers: forward 5′-CCT TGC AGT GGG 
GAT GTC T-3′; reverse 5′-CTC GCC TTT GCT TTG GTC 
A-3′). Both qPCR were performed in an AriaMx Real-
time PCR System (Agilent Technologies).

Formulation and stability studies in sEV‑based product 
development
Formulation evaluations
For product development and process validation stud-
ies, three sEV batches were generated and isolated at 
a smaller scale using a previously described protocol, 
except for the utilization of either PBS 1X or Ringer 
Lactate (RL; Baxter, United States of America, Cat. 
#HRB2323) during the sEV washing step and the final 
sEV resuspension. Each formulation was evaluated 
according to the following parameters: particle’s size 
mode (nm), concentration (particles/mL), identity mark-
ers (CD63, CD81, and CD9), and potency assays (via 
the hmMØs polarization assay), utilizing established 
protocols, as previously described. The stability assess-
ment of the sEV-based therapeutics was conducted at 
5 and 24  months after storage at −  80  °C. This evalua-
tion encompassed sEV batches produced and enriched 
on a reduced scale by employing RL as the vehicle for 
formulation.

Stability studies
Short-term stability of sEV products after thawing was 
conducted at 2–8  °C in previously −  80  °C-stored sEV, 
which were thawed and maintained at 2–8  °C for 24  h. 
Both studies employed the same parameters as those pre-
viously described for evaluation.

Manufacture, quality controls and characterization 
of clinical grade UC‑MSC‑sEV
A flowchart of cells and sEV production for clinical use is 
illustrated in Supplementary Fig. 1.

Production of clinical grade UC‑MSC
All tissue samples were obtained using protocols that 
were reviewed and approved by the Scientific Ethics 
Committee of the Universidad de Los Andes (approval 
certificate #CEC201861). Clinical grade cell manufac-
turing was carried out as previously described by our 
group with some modifications [30, 92348]. In brief, 
UC were obtained from full-term human placentas by 
cesarean section after signed informed consent from 
healthy donors following the United States of America 
(USA) Code of Federal Regulations (CFR) Food and Drug 
Administration (FDA) Title 21, Part 1271: Human Cells, 
Tissues, and Cellular and Tissue-Based Products, Sub-
part C: Donor Eligibility (§1271.45–1271.90). UC-MSC 
treatments were manufactured in a facility that com-
plies with GMP in compliance with USA CFR FDA Title 
21, part 1271, Subpart D: Current Good Tissue Practice 
(§1271.145–1271.320) and with International Organiza-
tion for Standardization (ISO) certification for the Qual-
ity Management System (ISO Standard No. 9001:2015) of 
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the UC-MSC production process at Cells for Cells S.A., 
Santiago, Chile (www. c4c. cl). All sterility controls were 
negative to approve the subsequent use of UC-MSC.

UC-MSC were cryopreserved in the third passage 
(p = 3) until their approval as the master cell bank (MCB) 
and were subsequently used in the clinic. Cell culture was 
performed as previously described [20, 30, 9,  48]. The 
UC-MSC were characterized according to the guidelines 
of the International Society for Cell and Gene Therapy 
[16]. Immunophenotyping of UC-MSC was performed 
using a Human MSC Analysis Kit (BD  Stemflow™, 
United Sates of America, Cat. #562245), and dead cells 
were discarded using Zombie Aqua Dye (BioLegend, 
United States of America, Cat. #77143). The analysis 
was performed by flow cytometry using a  FACSCanto™ 
II cytometer. The acquired data were analyzed using the 
FlowJo software V10. This analysis was performed using 
MCB cells to approve the lot for clinical use. The trilin-
eage differentiation capacity of cultured UC-MSC was 
evaluated using the StemPro™ differentiation kits (Gibco, 
Life Technologies Corp., United States of America) fol-
lowing the manufacturer’s instructions: Adipogenesis Kit 
(Cat. #A1007001), Chondrogenesis Kit (Cat. #A1007101) 
and Osteogenesis kit (Cat. #A1007201). After 21  days, 
cell differentiation into adipocytes was confirmed by Oil 
Red O staining of lipidic vacuoles (Sigma-Aldrich, United 
States of America, Cat. #O0625) and osteocyte differen-
tiation was confirmed by calcium deposits detected using 
Alizarin Red staining (Sigma-Aldrich, United States 
of America, Cat. #A3757). Chondrogenic differentia-
tion was confirmed after 10 days by Safranin O staining 
(Sigma-Aldrich, United States of America, Cat. #S2255). 
Tumorigenic tests of UC-MSC in immunocompromised 
mice were performed under specific pathogen-free con-
ditions at the Cells for Cells S.A. animal facility. After 
3 months, organs were collected (skin, liver, lung, brain, 
and kidney), and histopathological analysis was per-
formed. The previously described results showed the 
absence of tumors. The genomic stability of the UC-MSC 
over time was tested by karyotype analysis of cells at p-5 
according to the USA CFR FDA Title 21, Part 211: Cur-
rent Good Manufacturing Practice for Finished Pharma-
ceuticals, Section 110: Sampling and testing of in-process 
materials and drug products (§210.110). Thus, a Batch 
Approval Certificate (BAC) is generated, as shown in 
Supplementary Fig. 2.

Clinical grade sEV production and quality controls
UC-MSC approved for clinical use were thawed and 
seeded in maintenance medium composed of DMEM 
(Corning, Mediatech Inc., United States of America, 
Cat. #15-018-CV), supplemented with 1% P/S, 2 mmol/L 
L-glut and 5% fibrinogen-depleted hPL (manufactured 

by Cells for Cells S.A., under GMP compliance standard) 
[20], on a  Nunc™  TripleFlask™ at a density of 2000 cells/
cm2. After the cells reached confluence, they were 
expanded and seeded on a 10-layer  Nunc™  EasyFill™ Cell 
 Factory™ system. After the cells reached approximately 
80% confluence, the maintenance medium was discarded. 
Cells were washed with PBS 1X (Gibco, Life Tech-
nologies Corporation, United States of America, Cat. 
#10010072) before the addition of the induction medium 
for sEV production: DMEM supplemented with only 
2  mmol/L L-glut. After 2 and 4  days, SN was collected 
and subjected to serial centrifugation to remove cellu-
lar debris and sequential filtrations in 0.45 and 0.22 μm 
pore-size membrane filtration units (Thermo Fisher Sci-
entific, United States of America, Cat. #569-0020 and 
Cat. #566-0020, respectively), and then, subjected to 
serial ultracentrifugation (Thermo Electron LED GmbH, 
model Sorvall WX +) at 100,000 × g for 70  min at 4  °C. 
The pellet obtained was washed once with RL, the super-
natant was discarded and sEV were resuspended in the 
remaining RL, aliquoted, and stored at − 80 °C until use. 
The sterility of sEV was evaluated using the same proto-
col described above for the UC-MSC sterility assessment. 
Each final product of the sEV-based therapeutic for clini-
cal use complied with standardized procedures based on 
GMP and all quality controls mentioned above.

First‑in‑human application of cGMP‑sEV therapy for OA: 
sterility assessment, patient recruitment, and imaging 
protocols
For the clinical case, the selection of the clinical explora-
tion dose was not established using the conventional allo-
metric scaling method for human-equivalent dose (HED) 
typically used for small-molecule drugs. This, due to the 
limitations inherent to the complex manufacturing of an 
sEV-based product that imposes a limit on the dose of 
the product that can be produced, thereby restricting the 
range of doses feasible to administer in a clinical expe-
rience. Instead, the IA dose extrapolation for the HED 
was based on an evaluation of the observed preclinical 
and clinical efficacy of previous studies performed by 
our group using the sEV parental cells [47, 48], as well as 
an assessment of the acceptable safety risk, by the FDA’s 
statement “If available, previous clinical experience with 
the cellular and gene therapy (CGT) product or related 
products, even if by a different route of administration or 
for a different condition, may help to justify the clinical 
starting dose,” from the “Considerations for the Design 
of Early-Phase Clinical Trials of Cellular and Gene 
Therapy Products” guidance [17]. The exploratory dose 
was calculated based on our published clinical results of 
IA use of 2 ×  106 UC-MSCs in knee OA [47] (NCT No. 
03810521) and our own findings indicating a secretion 

http://www.c4c.cl
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rate of ~ 5.3 ×  1010 particles sEV of the same number 
of cells [20]. Considering the manufacturing feasibil-
ity of the sEV-based product, we estimate that a dose of 
2 ×  1010 ± 0.5 ×  1010 total sEV would be required for local 
administration to the knee.

The cGMP-sEV (2 ×  1010 ± 0.5 ×  1010 particles) packed 
into a syringe was kept at 4 °C until IA administration in 
the patient. The final number of particles was determined 
using NTA as described above. As a UC-MSC-sEV thera-
peutic sterility assessment, 11 ×  107 particles were used 
for contamination determination by Aerobic/anaerobic 
automated blood culture system, and 14 ×  107 particles 
were used for endotoxin determination as described pre-
viously. Both control groups were negative for release of 
the final product. A Certificate of Analysis (CoA) was 
delivered, indicating that cGMP-sEV-based therapy has 
the necessary sEV characteristics for release and the min-
imum sterility requirements for patient administration 
(Supplementary Fig. 3).

The patient was recruited in October 2021 at the Oste-
oarthritis Center at the Clínica Universidad de los Andes 
in Santiago, Chile. Approval was obtained from the Sci-
entific Ethical Committee of the public agency Servicio 
de Salud Metropolitano Oriente (CECSSMO030821). 
Written informed consent was obtained from the patient. 
Subject met the following inclusion criteria: age between 
30 and 75 years, symptomatic knee OA (defined as daily 
pain at the affected joint for at least 3  months before 
inclusion and a visual analog scale equal to or greater 
than 40 mm), and grade II to III Kellgren-Lawrence radi-
ographic changes. None of the following conditions was 
retained: meniscal rupture, bilateral symptomatic knee 
OA, disease of the hip and/or spine, local or systemic 
infection, any form of secondary arthritis, or previous 
malignancy. The injection was performed by an ortho-
pedic surgeon at the superior lateral aspect of the patella 
using a 21-gauge, 1-inch needle. No local anesthetic was 
used before the puncture. Clinical outcomes (VAS and 
WOMAC indexes) were evaluated at 3, 6, and 12 months 
of follow-up.

Regarding the imaging procedure, MRI at baseline 
and 6  months later was analyzed by a blinded radiolo-
gist. The patient was studied using a Philips Achieva 3 
Tesla MRI scanner, with Smart Knee software to achieve 
equal knee positioning in pre- and post-treatment reso-
nance imaging. The MRI protocol aims to study articu-
lar cartilage volumetry to evaluate the positive changes 
with treatment and the absence of structural damage to 
the cartilage. The DICOM files were anonymized and 
sent electronically to a third party via a secure platform 
(Image Analysis Group—IAG—, London, UK) for analy-
sis. The external company utilized proprietary software 
following ISO13485 and the USA CFR FDA Title 21, Part 

11: Electronic Records; Electronic Signatures (§11.1–
11.300), to perform Quality Controls on, segment, and 
quantify all MRI images. The images were analyzed by an 
IAG radiologist and reported to our group.

Phase I clinical trial design
The clinical investigation will represent a phase I trial 
focusing on UC-MSC-sEV in patients with sympto-
matic Kellgren II-III knee OA. The phase I component 
of the study will be an open-label dose escalation pilot 
study (NCT No. 06431152; title: “Administration of sEV 
derived from UC-MSC in patients with osteoarthritis of 
the knee: safety determination in a pilot dose-escalation 
study”) in which three cohorts of subjects with OA will 
receive increasing doses of UC-MSC-sEV administered 
as a single IA injection. Each cohort will comprise four 
participants. Specifically, patients within the cohorts will 
be administered the following exploration doses: 2 ×  109 
particles/3  mL RL ± 0.5 ×  109 particles (first cohort-low 
dose), 6 ×  109 particles/3  mL RL ± 0.5 ×  109 particles 
(second cohort-median dose), or 2 ×  1010 particles/3 mL 
RL ± 0.5 ×  109 particles (third cohort-high dose). Eligible 
study subjects will be enrolled at the Clínica Universidad 
de los Andes. The selection of the study subjects will be 
performed following the inclusion and exclusion criteria 
shown in Fig. 8E.

The UC-MSC-sEV will be prepared at the Cells for 
Cells S.A. GMP facility based at the Clínica Universi-
dad de los Andes. The sEV-based therapeutic for clinical 
use will be manufactured in compliance with standard-
ized procedures based on GMP regulations and all qual-
ity controls aforementioned. The sEV therapeutic will 
be transported to the patient administration site under 
controlled conditions, ensuring maintenance of a tem-
perature range between 2–8  °C. The sEV injection is 
expected to be administered within the first 6 h of prod-
uct manufacture.

The primary study endpoints of this trial will focus on 
the safety, feasibility, and toxicity of the sEV-based prod-
uct. The phase I will examine: (1) the incidence of imme-
diate post-infiltration adverse reactions in patients; (2) 
the occurrence of synovitis post-infiltration in patients 
at 24 and 48 h, as well as on days 7 and 15; (3) the fre-
quency of post-infiltration pain reported by patients at 24 
and 48 h, and on days 7 and 15; and (4) the prevalence of 
adverse events related to sEV therapy occurring beyond 
IA infiltration at 24 and 48  h, and on days 7 and 15, as 
well as at months 2, 4, 6, 8, 10, and 12. The secondary 
study endpoint will be determine the optimal dose for 
phase II trials. The criteria that will be considered are: (1) 
Safety profile at infiltration at 24 and 48 h, and on days 
7 and 15, as well as at months 2, 4, 6, 8, 10, and 12; (2) 
changes in WOMAC scores at months 2, 4, 6, 8, 10, and 
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12; and (3) alterations in the VAS pain scores at months 
2, 4, 6, 8, 10, and 12.

Statistical analysis
All figure legends include n involved. Analyses were per-
formed using GraphPad Prism (V10.2.0; United States of 
America). For the data normality test, a Shapiro–Wilk 
test was performed, followed by one-way ANOVA with 
Tukey’s multiple comparisons test or unpaired Student’s 
t-test, depending on the number of groups to be evalu-
ated. For large datasets, outliers were removed using the 
robust regression and outlier removal (ROUT) method 
(Q = 1%). For non-parametric data, a Kruskal–Wallis test 
followed by Dunn’s multiple comparison post-test was 
performed. For in vivo model, there were no criteria set 
for including/excluding animals. P-values < 0.05 were 
considered significant in all cases (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, ns: not significant).

Results
Characterization of UC‑MSC‑derived sEV therapeutics 
generated in non‑cGMP conditions
Analysis of identity, purity, and morphology of UC‑MSC‑sEV
MSC from four UCs were individually enriched and 
characterized following ISCT recommendations [16] for 
their subsequent validation and use as sEV-producing 
parental cells (Supplementary Fig. 4). Thirty-nine batches 
of purified sEV were obtained under non-cGMP condi-
tions using a protocol established, optimized, and vali-
dated in our facility and based on previous studies [2, 
20, 69, 94]. Figure  1A illustrates the characterization 
of the sEV batches according to the MISEV guidelines 
(size, concentration, identity and purity markers, and 
morphology) [79, 87]. Specifically, NTA obtained data 
showed a unimodal size distribution (Fig.  1B), a mean 
of 149.4 ± 23.98 nm as size mode (Fig. 1C) and a concen-
tration of 1,22 ×  1011 ± 7,58 ×  1010 particles/mL (Fig. 1D). 
Bead-based flow cytometry analysis was performed to 
assess the presence of the tetraspanins CD63, CD81, and 

CD9, which are considered classical sEV identity markers. 
The median fluorescence intensity (MeFI) of the gathered 
data showed the presence of all three markers. However, a 
hierarchy was identified in the detected MeFI, with CD63 
being the most expressed (16.95 ± 12.05  a.u.), followed 
by CD81 (8.50 ± 5.65  a.u.), and CD9 (4.63 ± 2.78  a.u.) 
(Fig.  1E. The presence of MSC surface markers CD90 
and CD44 was also evaluated to verify the MSC origin 
of the sEV (MeFI for CD90 = 24.17 ± 18.17 a.u.; MeFI for 
CD44 = 31.40 ± 36.01  a.u. (Fig.  1F), as well as the pres-
ence of HLA A/B/C major histocompatibility complex 
(MHC) class-I antigens (MeFI = 2.46 ± 2.14  a.u.) and 
the absence of HLA DR/DP/DQ MHC-class II antigens 
(MeFI = 1.15 ± 0.07 a.u.) (Supplementary Fig. 5). Western 
blot was performed to evaluate Syntenin-1 and Flotil-
lin-1 as complementary identity markers and Calnexin 
and TOMM20 as sEV purity markers. As expected, the 
bands confirmed the presence of Syntenin-1 (sEV endo-
somal origin marker) and Flotillin-1 (sEV membranous 
component marker) and the absence of Calnexin (endo-
plasmic reticulum marker) and TOMM20 (mitochon-
drial marker) (Fig. 1G). TEM allowed the visualization of 
isolated particles composed of non-agglomerated, cup-
shaped vesicles, with a size and morphology compatible 
with sEV (Fig. 1H). These data confirm the extracellular 
vesicle and exosome nature of UC-MSC’s secreted par-
ticles. These findings further confirm that sEV batches, 
purified according to our established protocol, align with 
MISEV guidelines, ensuring size, identity, and purity cri-
teria and establishing their MSC origin.

miRNA and proteomic profiling of UC‑MSC‑sEV
Approximately 1604 distinct miRNAs were identified 
among sEV samples (1278 in sample  sEVdonor 1, 1194 in 
sample  sEVdonor 2, 1218 in sample  sEVdonor 3, and 1220 
in a biological replicate sample of sEV from donor 3) 
(Table  S1). Notably, 904 miRNAs were shared among 
the sEV samples derived from three UC-MSC donors 
(Fig. 1I), indicating that they were commonly expressed 

(See figure on next page.)
Fig. 1  UC-MSC secretes sEV with unique and reproducible molecular cargo. A Diagram of the sEV characterization and the associated 
methodology. Next, graphs depicting the: B size distribution, C size mode, and D concentration from NTA of isolated particles. E Representative 
histograms from bead-based flow cytometry analyses and MeFI fold change forsSEV surface markers CD63, CD81 and CD9, and F)representative 
histograms from bead-based flow cytometry analyses and MeFI fold change to detect the presence of UC-MSC origin markers CD90 and CD44 
in sEV. G A representative western blot of MSC’s cell lysate and three independent sEV isolations is shown for determining the presence of sEV 
markers Syntenin-1 and Flotillin-1 as well as purity markers Calnexin and TOMM20. H A representative TEM micrograph of isolated sEV showing 
the classical “cup-shape” morphology adopted by the vesicles with this technique. I Venn diagram showing the distribution of identifiedsSEV-miRNA 
among three UC-MSC donor (plus a biological replicate of one of them). J Mean percentage distribution of top expressed miRNAs identified in sEV. 
K Venn diagram displaying the number of proteins identified in sEV derived from three different UC-MSC donors. Box and whiskers plot (solid 
lines = median); a.u. = arbitrary units; outliers were removed by ROUT method, Q = 1%; n = 40 for: size mode, concentration, CD63, CD81 and CD9 
determination (UC-MSC donors = 5); n = 4 for CD90 and CD44 (UC-MSC donors = 4). Percentages in representative histograms refers to the bead 
population
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in our purified sEV. Interestingly, the number of reads 
obtained for each miRNA detected showed that only 13 
miRNAs represented ~ 70% of the total reads processed 
for each batch of sEV analyzed (Fig.  1J), which con-
firmed the feasibility of obtaining sEV with a specific and 
reproducible miRNA signature. In the proteomic analy-
sis of sEV, a total of 420 distinct proteins were identified 
among the samples (392 in sample  sEVdonor 1, 386 in sam-
ple  sEVdonor 2, and 252 in sample  sEVdonor 3) (Table S2), of 
which 236 proteins were shared between the three sEV 
samples (Fig.  1K). Of these proteins, 70 corresponded 
to proteins expected to be found in sEV isolates (Sup-
plementary Fig. 6) [79, 87], confirming the EV and exo-
some nature of our UC-MSC-derived isolates. Taken 
together, these results suggest that despite variations in 
miRNA and protein compositions between sEV samples, 
a core set of miRNAs and proteins that are consistently 
present in UC-MSC-derived sEV exists. This implies a 
high standardization and reproducibility level in manu-
facturing, emphasizing the potential of producing sEV 

with specific molecular signatures suitable for therapeu-
tic applications.

UC‑MSC‑sEV internalization by key OA‑related cell 
lineages promote an anti‑inflammatory microenvironment 
and displays chondroprotective protection in vitro
UC‑MSC‑sEV internalization and cargo delivery in the OA 
joint microenvironment cells
In huOAC, flow cytometry analysis data showed progres-
sive uptake and accumulation of sEV over a 24  h time 
(Supplementary Figs. 7A and B), confirming its intracel-
lular location through confocal microscopy (Fig.  2A). 
Similarly, internalization of sEV was also observed in syn-
oviocytes and macrophages (Fig. 2B and C, respectively). 
To confirm the delivery of sEV cargo, a proof-of-concept 
experiment using engineered sEV loaded with a synthetic 
miRNA (cel-39) derived from Caenorhabditis elegans 
was performed on chondrocytes, synoviocytes and mac-
rophages. Characterization of the engineered sEV dem-
onstrated that the loading protocol via electroporation 

Fig. 2 sEV are internalized by key OA-related cell lineages and can be engineered to carry and deliver and external miRNA. PKH26-stained sEV 
internalization was evaluated after 24 h of incubation by confocal microscopy in: A huOAC, B synoviocytes and C hmMØs (DAPI = nucleus; 
Phalloidin = actin filaments; CD206 = macrophage surface protein). D TEM micrographs of sEV showing classical “cup-shape” morphology in control 
(left) and electroporated (right) sEV. E A qPCR was performed to detect the presence of C. elegans miR-39 in engineered sEV and F in engineered 
sEV- treated huOAC (left), synoviocytes (middle) and hmMØs (right) loaded with scramble (SCR) miRNA or C. elegans miR-39 (cel-miR-39). 
A Shapiro-Wilk test was performed as data normality test; unpaired t-test was applied for statistical analyses. n = 1 for internalization assays; n = 3 
for engineered sEV assays.
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maintained vesicle size, quantity, integrity, and identity 
(Supplementary Fig. 8) and morphology (Fig. 2D). qRT-
PCR analysis confirmed the successful loading of sEV 
with exogenous cel-miRNA-39 (Fig.  2E). Incubation of 
engineered sEV with chondrocytes, synoviocytes and 
macrophages revealed effective transfer of cel-miRNA-39 
via direct internalization (Fig.  2F). Altogether, these 
results confirm that sEV can be taken up by various cell 
types present within the joint microenvironment and 
can deliver their molecular cargo to recipient cells. This 
underscores the potential therapeutic impact of targeted 
content delivery.

UC‑MSC‑sEV effect on monocyte‑derived macrophage 
polarization
To investigate whether sEV-based treatment acts as a 
specific stimulus to hmMØs to predominantly adopt an 
M2-like phenotype (anti-inflammatory state), a hmMØs 
polarization assay was established and analyzed by flow 
cytometry and ELISA (Fig. 3A). As shown in Fig. 3B, sEV 
treatment decreases the expression of HLA-DR (fold 
change of 0.56 ± 0.13 respect to control) and CD86 (fold 
change of 0.82 ± 0.28 respect to control) and increases the 
expression of CD206 (fold change of 1.55 ± 0.54 respect 
to control) and CD163 (fold change of 1.25 ± 0.18 respect 
to control), suggesting the acquisition of an anti-inflam-
matory M2-like state. Due to M2-like macrophages 
exhibit significant phenotypic heterogeneity and can be 
subdivided into various subtypes: M2a, M2b, M2c, and 
M2d, each expressing specific markers, exhibiting unique 
cytokine profile, and performing varied function [72], a 
comprehensive study was conducted to assess diverse 
pro- and anti-inflammatory secreted cytokines. Figure 3C 
shows that the treatment with UC-MSC-sEV stimulate 
the secretion of IL-10 (control = 81.33 ± 20.42  pg/mL; 
sEV = 4149 ± 1561 pg/mL), VEGF (control = undetectable; 
sEV = 277 ± 114 pg/mL), IL-6 (control = 143.0 ± 243.2 pg/
mL; sEV = 2250 ± 93.89  pg/mL), and TNF-α 

(control = undetectable; sEV = 471.0 ± 177.6  pg/mL). 
An increasing trend was also observed for IL-1β (con-
trol = 6.59 ± 11.43  pg/mL; sEV = 108.0 ± 69.32  pg/mL). 
This ambivalent secretory profile of both pro- and anti-
inflammatory cytokines, along with the expression of 
CD86, suggests an increment of the polarization to an 
M2b-like subset [85]. Interestingly, this biological effect 
was consistent across various monocyte donors and sEV 
batches (Supplementary Fig.  9). Altogether, the data 
obtained demonstrate that UC-MSC-sEV treatment trig-
gers an anti-inflammatory state in hmMØs, presenting 
the potential to contribute to the repair of damaged artic-
ular cartilage.

Chondroprotective activity of UC‑MSC‑sEV against oxidative 
stress
To study the chondroprotective activity of UC-MSC-
sEV against oxidative stress, huOAC cells exposed to 
menadione—an agent known to induce cell death via 
ROS-dependent mechanisms   [45]—were treated with 
UC-MSC-sEV (Fig.  3E). As shown in Figs.  3F and G, 
while menadione induced cell death in 80.61 ± 11.47% of 
cells, treatment with sEV mitigated this effect, dimin-
ishing cell death to 57.21 ± 18.69%, demonstrating the 
chondroprotective activity of sEV against oxidative 
stress-induced cellular damage and their potential to mit-
igate OA progression.

Cytotoxicity profile of UC‑MSC‑sEV‑based treatment
To investigate the safety of the sEV-based treatment in 
vitro, cytotoxicity based on the measurement of the 
cytoplasmic enzyme LDH was performed in huOAC 
cells after treatment with UC-MSC-sEV (Fig.  3H). 
LDH detection in the SN indicates plasma membrane 
damage, a characteristic of cells undergoing apoptosis, 
necrosis, and other forms of cellular damage [38]. The 
LDH release-based assay showed that sEV treatment 
did not elicit any alterations in LDH release into the 

(See figure on next page.)
Fig. 3  sEV drives macrophage polarization and exerts chondroprotective activity against oxidative stress. A Schematic view of the established 
hmMØs polarization assay. B Representative plots of CD86/HLA-DR (M1, pro-inflammatory markers) and CD206/CD163 (M2, anti-inflammatory 
markers) obtained by flow cytometry analysis of control (untreated) and sEV-treated hmMØs are shown, followed by a graph summarizing the fold 
change of MeFI obtained for CD86, HLA-DR, CD206 and CD163 (control vs sEV treated). C Macrophage’s cytokine production and secretion 
was determined by ELISA for IL-10, VEGF, IL-6, TNF-α and IL-1β, respectively. E A menadione-induced cytotoxicity assay was performed to evaluate 
the chondroprotective activity of sEV by P.I./Annexin V stain and flow cytometry. F Representative plots showing P.I./Annexin V stain in huOAC 
as follows: no treatment control (top), menadione-treated (middle) and menadione + SEV treated (bottom). G Graphs depicting the percentage 
of live cells (left) and apoptotic/dead cells (right). H A LDH release-based cytotoxicity assay of sEV in huOAC was established. I LDH release 
determination in: (1) Triton X-100 treated huOAC  (Controlpositive), (2) untreated huOAC  (Controlnegative), (3) sEV-treated huOAC, dose I (100 ×  106 sEV/
well) and (4) sEV-treated huOAC, dose II (400 ×  106 sEV/well). hmMØs polarization assay: n = 5 for flow cytometry and n = 3 for ELISA, a Shapiro-Wilk 
test was performed as data normality test followed by unpaired t-test; a.u. = arbitrary units; floating bars = min to max, solid line = mean. 
Menadione-induced cytotoxicity: n = at least 6, a Shapiro-Wilk test was performed as data normality test followed by one way ANOVA with Tukey 
multiple comparisons test; floating bars = min to max, solid line = mean. LDH- based cytotoxicity: n = 4, Kruskal-Wallis test (non parametric data) 
followed by Dunn’s multiple comparisons post-test, bars = mean ± standard deviation,  α = 0.05.
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extracellular milieu of huOAC cells (Fig. 3I). This safety 
assessment indicated the absence of potential cyto-
toxic effects on primary cells forming hyaline cartilage, 

demonstrating a favorable biocompatibility profile for 
the administration of sEV into the joint.

Fig. 3 (See legend on previous page.)
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Molecular signature of UC‑MSC‑sEV unravel key players 
in macrophage‑related processes and inflammation in OA
To elucidate the mechanism through which UC-MSC-
sEV exert an anti-inflammatory effect on hmMØs, bioin-
formatics analysis was carried out to integrate data from 
miRNA profiles and proteomics to analyze intercon-
nected biological networks. Among the ~ 1200  miRNAs 
identified in each sEV sample, close to 45% (correspond-
ing to 516  miRNAs) exhibited sequence homology with 
entries in the online miRNET database [11]. Subse-
quently, by cross-referencing these 516 miRNAs with the 
HMDD database, a repository for experimentally sup-
ported human miRNA-disease associations  [15], a sub-
set of 16 common miRNAs was identified (Fig. 4A). The 
characterization of these 16 identified miRNAs revealed 
different expression patterns, highlighting the enriched 
levels of miR-320a, miR-107, miR-320c and miR-137 
(Fig.  4B), due to the high number of targets (Table  S3). 
Importantly, all 16 miRNAs were associated with pro-
cesses implicated in OA (Table  S4), emphasizing their 
potential relevance in this context. Gene ontology (GO) 
enrichment analyses of the targets of the selected miR-
NAs were conducted to identify the pathways related 
specifically to macrophages or inflammation that con-
tribute to the anti-inflammatory mechanism. Biological 
processes, such as “macrophage differentiation”, “mac-
rophages derived from cell differentiation”, “regulation 
of macrophage cytokine production”, and “macrophage 
cytokine production” were the terms with more genes 
associated with the pathway related to “macrophages” 
(Fig.  4C). In the GO category “inflammation”, the main 
terms identified were “inflammatory cell apoptotic 
process” and “inflammatory response to wounding” 
(Fig.  4D). The association between these miRNAs and 
their respective protein-coding gene targets within path-
ways is shown in Fig.  4E for macrophage-related pro-
cesses and Fig.  4F for inflammation related processes, 
in which miRNA-107 and miRNA-320a stood out with 
the highest number of targets in these contexts. Of pre-
dicted target genes, highlight Signal transducer and 
activator of transcription 1 (STAT1), Matrix metallo-
proteinase 9 (MMP9), and Poly (ADP-Ribose) Polymer-
ase 1 (PARP1), among others, since at least two miRNAs 

shared them and, notably, were previously reported to be 
involved in the complex process of macrophage polari-
zation (Table S5). Through the list of detected miRNAs, 
miRNA-222, miRNA-27a and miRNA-125a-5p were 
identified in all sEV batches. These miRNAs have been 
associated previously to play a crucial role into M2b-like 
polarization of macrophages [85]. In particular, miRNA-
222 up-regulation polarizes monocytes to M2b-like 
macrophages [78], miRNA27-a is increased in M2b-like 
macrophages [25], and miRNA-125a-5p overexpression 
enhances M2b polarization [5]. This underscores their 
potential influence on key processes associated with 
macrophages and inflammation, suggesting a crucial role 
in the molecular landscape of OA. The full dataset is pre-
sented in Table S6.

Regarding the proteins identified in the sEV cargo, 
the GO analysis revealed significant enrichment in 
“macrophage migration,” “regulation of macrophage 
migration,” and “inflammatory response” in the biologi-
cal process category. Notably, CD81, Apolipoprotein B 
(APOB), Integrin alpha V (ITGAV), and Integrin-β3 
(ITGB3) were highly enriched in the macrophage-related 
processes (Fig. 4G). In addition, complement component 
3 (C3), CD81, Serpin family E member (SERPINE1), and 
alpha-2-macroglobulin (A2M) were implicated in inflam-
mation (Fig. 4H). Interestingly, SERPINE1 and A2M have 
been reported to be involved in binding pro-inflamma-
tory molecules, promoting the M2-like phenotype, and 
attenuating cartilage degeneration and bone resorption 
in preclinical OA models via distinct signaling pathways 
[37, 54, 9983,]. These findings underscore the potential 
significance of these molecules in macrophage-related 
and inflammatory processes and offer valuable insights 
into their roles within the intricate molecular network 
associated with OA. The complete dataset is presented in 
Table S7.

In order to confirm the in silico predictions related to 
the role of sEV’s miRNA and protein cargo in regulating 
macrophage polarization and inflammation, RT-qPCR 
analysis was conducted to measure the transcript levels 
for Signal Transducer and Activator of Transcription 1 
(STAT1) and Peroxisome Proliferator Activated Receptor 
Gamma (PPARγ) in hmMØs treated with sEV for 24  h. 

Fig. 4 The deciphered molecular signature of sEV provides insights of their inflammation-related bioactivity in silico. A Venn diagram 
of sEV-miRNAs identified in our study, miRNet, and HDMM databases. B Enrichment patterns of the 16 common miRNAs in the analyzed samples. 
Subsequently, GO analysis of the identified proteins was performed, highlighting several biological processes and the number of putative target 
genes related to macrophage C and inflammation processes D. E Circular plot showing the association between identified sEV-miRNAs and their 
target genes within GO categories associated with “macrophage” E and “inflammatory” F, respectively. G GO category enrichment analysis 
specifically linked to the “macrophage” GO term, while H focuses on enrichment in the “inflammatory” GO term. I RT-qPCR validation of in silico 
predicted target gene STAT1 in macrophages 24 h after sEV treatment and in M1 phenotype macrophages (left) and a schematic representation 
of the potential effect of sEV’s miRNA/protein cargo on macrophages phenotype through STAT1 inhibiton (right)

(See figure on next page.)
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Fig. 4 (See legend on previous page.)
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The results showed a decrease in STAT1 transcript levels 
(Fig. 4I, left), supporting the modulatory effect of sEV on 
macrophage polarization. A decrease was also observed 
in PPARγ transcript levels (Supplementary Fig. 10). Con-
trol macrophages treated with IFNγ/LPS (M1 phenotype) 
exhibited an expected increase in STAT1 transcript levels 
[34] and a decrease in PPARγ [93].These findings confirm 
the capacity of sEV to shift macrophage profiles towards 
an anti-inflammatory phenotype. A summary schematic 
is presented (Fig. 4I, right).

UC‑MSC‑sEV exhibits an anti‑osteoarthritic 
and anti‑inflammatory effect in a collagenase in vivo 
model of OA
Therapeutic efficacy of UC‑MSC‑sEV treatment: μCT 
and histologic analysis
On days 7 and 14 post OA induction, 2 ×  108 particles 
were injected via IA (Fig.  5A). This concentration was 
established considering the highest number of parti-
cles attainable within a 5 μL solution, corresponding to 
the maximum volume feasible for administration into a 
mouse knee joint [36, 74]. At 42 days post-OA induction, 
the mouse articular cartilage was subjected to histomor-
phometric and histopathological studies. Representative 
images obtained by μCT are shown in Figs. 5B and D to 
assess the bone architecture of the joint. μCT involves 
recording 2D X-ray images from various viewing angles 
around the freely rotating sample, which is followed by 
a 3D reconstruction generated by computer algorithms 
[62]. The 2D parameter corresponded to bone mineral 
density (BMD), which was employed to quantify the min-
eral total mass normalized by the volume of the analyzed 
zone, providing an estimate of bone integrity [26, 52]. 
μCT analysis revealed decreased BMD in the lateral femur 
(0.001977 ± 0.0002000) as well as in the medial and lateral 
tibia (0.002362 ± 0.0003302 and 0.001915 ± 0.0002477, 
respectively) joint areas of animals treated with sEV com-
pared to the vehicle-treated group (0.002370 ± 0.0003670, 
0.002858 ± 0.0004405, and 0.002214 ± 0.0003149, respec-
tively), with values approaching those of the sham 
group (0.001929 ± 0.0005558, 0.002015 ± 0.0007867 and 
0.001645 ± 0.0004973, respectively) (Fig.  5C). Regarding 
the 3D parameters, the bone surface-to-volume ratio (BS/

BV) was assessed, a value that indicates the ratio between 
the surface area and volume of the region segmented as 
bone, providing a measure of the number of bone-lining 
cells covering a given volume of bone in the sample [52, 
61]. The BS/BV analysis exhibited a drastic reduction in 
sEV-treated animals in all joint areas analyzed (medial 
femur = 9.158 ± 1.777,lateral femur = 9.755 ± 1.478; medial 
tibia = 8.309 ± 1.492; and lateral tibia 9.651 ± 1.136 with 
respect to vehicle-treated (medial femur = 11.82 ± 2.071; 
lateral femur = 12.22 ± 1.337; medial tibia = 10.56 ± 1.492; 
and lateral tibia = 13.04 ± 1.655 and sham groups (medial 
femur = 11.29 ± 4.373; lateral femur = 10.44 ± 3.224; 
medial tibia = 10.32 ± 3.325; lateral tibia = 11.26 ± 4.553 
(Fig. 4E).

Histological analysis revealed signs of joint regenera-
tion in animals treated with sEV. Figure 5F displays rep-
resentative images of each experimental group, where the 
articular cartilage layer is observed in red owing to the 
staining process. Although animals with OA displayed 
architectural loss and cartilage degradation, these find-
ings were absent in the sEV-treated group. These results 
indicate that sEV-based therapeutic shields cartilage 
and bone from degradation in the CIOA murine model. 
Histologically, the severity of cartilage damage and the 
affected surface area were evaluated using the Pritz-
ker OARSI score, which considers the degree of degen-
eration and depth of damage [57]. The clinical score 
obtained showcased low values in the articular regions of 
the medial femur, lateral femur, medial tibia, and lateral 
tibia in sEV-treated animals (10.59 ± 3.062, 9.094 ± 2.782, 
10.53 ± 5.786, and 10.86 ± 4.924, respectively), akin 
to those in the sham control groups (3.971 ± 2.440, 
4.059 ± 2.947, 3.529 ± 1.875, and 4.531 ± 2.101, respec-
tively), and lower than the values obtained in vehicle-
treated mice (18.37 ± 10.50, 19.97 ± 10.27, 17.27 ± 12.60, 
and 26.72 ± 3.256) (Fig. 5G). These results demonstrated 
that sEV-based therapy has regenerative and protective 
therapeutic potential for hyaline cartilage in a murine 
model of OA, which must be confirmed in patients.

Immunogenic studies
To assess the potential anti-inflammatory and immu-
nomodulatory effects of sEV, we investigated the 

(See figure on next page.)
Fig. 5  sEV reduces the severity of osteoarthritis and promotes regeneration in a murine model in vivo. A Schematic illustration of pre-clinical sEV 
IA administration in a CIOA mouse model in vivo. B BMD representative µCT images are shown following three treatments: Sham, OA and OA + sEV; 
the color corresponds to the degree of mineralization: higher numbers (blueish) on the scale represent a higher local mineralization (more mineral 
per volume). C BMD measurements generated from µCT. Four different knee joint zones were evaluated: medial femur, lateral femur, medial tibia 
and lateral tibia. D µCT-derived knee joint coronal images of sham, OA and OA + sEV-treated knee. E BS/BV index obtained from µ CT analyses 
in four different knee joint zones. F Histological verification of cartilage condition by Safranin O/Fast green stain. G OA histological scores obtained 
in four different knee joint zones. Box and whiskers plot (solid lines = median), n = 12 mice (at least); non parametric data, Kruskal-Wallis test 
followed by Dunn’s multiple comparisons post-test,  α = 0.05
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Fig. 5 (See legend on previous page.)



Page 20 of 32Figueroa‑Valdés et al. Journal of Nanobiotechnology           (2025) 23:13 

immune cell populations within the proximal popliteal 
lymph nodes following IA administration of sEV. After 
three days of IA sEV administration, the mice were 
humanely euthanized, and the drained lymph nodes 
were harvested for subsequent flow cytometry analy-
sis. Our findings revealed that IA administration of 
sEV tended to decrease the proportions of  CD4+IL-17+ 
cells, predominantly composed of pro-inflammatory 
Th17 cells, and significantly inhibits the population of 
 CD4+IFN-γ+ cells, predominantly characterized by 
pro-inflammatory Th1 cytokine-producing cells, as 
compared to the OA control by two-fold and thee-fold, 
respectively. In the case of  CD25+FOXP3+ cells (T-reg 
cells), sEV IA administration tended to increase their 
percentage by a quarter (Fig.  6A). This observation 

suggests an immunosuppressive activity exhibited by 
sEV derived from UC-MSCs, which is consistent with 
the previously observed immunomodulatory effects in 
in  vitro assays and predicted by in silico assays based 
on the miRNA and proteomic cargo of sEV.

UC‑MSC‑sEV biodistribution after IA injection
To investigate the biodistribution kinetics of the sEV-
based product following IA injection in  vivo, healthy 
mice were administered a single injection of therapeutic 
doses (2 ×  108 particles/knee). In vivo scans conducted at 
24, 48, and 72 h post-injection revealed the presence of 
DiR-stained sEV in the knee joint. As shown in Fig. 6B, 
the signal from DiR-stained sEV remained localized 
within the knees of the animals for up to 72  h. Ex  vivo 

Fig. 6  sEV exerts immunosuppresive activity in vivo and are maintained within the knee joint space. A For murine in  vivo immunogenicity 
assessment popliteal lymph nodes were isolated from sham, OA and sEV treated mice and T-CD4+ cell populations were determined by flow 
cytometry as follows:  CD4+IL-17+ for proinflammatory cells;  CD4+IFNy+ for helper cells and  CD25+FOXP3+ for Treg cells. Representative histograms 
for each subpopulation are shown (left) and subpopulations percentages are presented (right). B As biodistribution assay, DiR-stained sEV were 
administered by intra-articular injection in mice knees and monitored for 24, 48 and 72 h. Non parametric data; Kruskal-Wallis test, Dunn’s multiple 
comparisons post-test,  α = 0.05; n = 3 mice per group. Floating bars = min to max, solid line = mean
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organ analysis was performed to evaluate the possible 
migration of sEV from the joint to other organs of the 
mouse body without detecting any signal from the DiR-
stained sEV in the examined organs (Supplementary 
Fig. 11). These data indicate the retention of sEV at the 
administration site without significant migration to other 
organs during the study period, implying a favorable 
safety profile for IA administration of sEV.

Product development of UC‑MSC‑sEV
Homologation studies of sEV formulation
To translate the preclinical product into a formulation 
suitable for clinical use, it was necessary to substitute the 
carrier solution utilized in the preclinical product (PBS) 
with a solution that adhered to the standards required 
for therapeutic administration, such as RL solution. The 
homologation study of the generated sEV-based prod-
ucts was performed according to the MISEV recommen-
dations to characterize sEV and evaluate their potency 
in the hmMØs polarization assay. Details are given in 
Appendix  1 and Supplementary Fig.  12. The findings 
demonstrated that sEV suspended in RL showed similar 
results to those suspended in PBS in terms of size, con-
centration, morphology, integrity, identity, purity, and 
potency. This highlights the suitability of RL as a vehicle 
for sEV suspensions and suggests its potential clinical 
applicability.

Long‑term stability studies
To evaluate the stability of the sEV-based product under 
relevant storage conditions, sEV batches produced and 
enriched at a reduced scale were stored at − 80 °C for peri-
ods of 5 and 24 months. The results indicated no notable 
differences in the size mode, concentration, and presence 
of identity markers after storage for 5  months (Sup-
plementary Fig.  13). Regarding the long-term stability 

testing, the NTA analysis revealed minimal change in 
particle size (from 149.5 ± 15.18 nm to 161.1 ± 5.773 nm) 
along with a decrease to one third of particle con-
centration (time 0 = 3.26 ×  1011 ± 2.14 ×  1011  particles/
mL; time 24  month = 1.17 ×  1011 ± 4.63 ×  1010  particles/
mL) (Fig.  7A). Concerning the expression of canonical 
markers in sEV, the MeFI values suggested that stor-
age for 24  months did not induce alterations in tetras-
panins expression (Fig.  7B), maintaining the previously 
observed hierarchy: CD63 > CD81 > CD9. The assessment 
of sEV potency 24  months post-storage was also tested 
using the hmMØs polarization assay. The therapeutic 
sEV-based product retained its potential to induce an 
anti-inflammatory phenotype in macrophages, exhibit-
ing an M2b-like polarization effect. This significant find-
ing was characterized by reduced expression changes of 
HLA-DR and CD86, along with increased expression of 
CD206 and CD163 (Fig.  7C) and an increase in IL-10 
(control = 78.88 ± 0.00  pg/mL; sEV = 149.8 ± 97.19  pg/
mL), IL-6 (control = 17.64 ± 0.00  pg/mL; 
sEV = 547.3 ± 777.2  pg/mL), and TNF-α (control = not 
detected; sEV = 11.54 ± 14.24 pg/mL) secretion (Fig. 7D). 
This biological effect was consistent across the different 
monocyte donors (Supplementary Fig. 14). These results 
demonstrate that even after 24  months of storage, the 
vesicles maintained their identity and functional charac-
teristics linked to anti-inflammatory properties despite 
the reduction in particle concentration.

Short‑term stability studies
To validate the suitable timeframe between thawing 
and administration of the sEV product, a short shelf-life 
study was carried out using the thawed sEV maintained 
in the temperature range of 2–8  °C. This temperature 
range was investigated because of its optimal suitabil-
ity for logistics, transportation, and storage of products 

(See figure on next page.)
Fig. 7   sEV phenotype and activity is stable after prolonged storage and thawing. A Size mode and concentration evaluated by NTA of sEV 
resuspended in RL after 24 months of storage. B The presence of CD63, CD81 and CD9 was evaluated before and after 24 months of storage 
at – 80 °C by bead-based flow cytometry. Representative histograms followed by the fold change of MeFl of each marker relative to its respective 
isotype control are shown. C Macrophage polarization assay with sEV stored in RL after 24 months at – 80 °C ; representative plots of untreated 
(control) and sEV-treated macrophages are shown for pro-inflammatory markers (CD86/HLA-DR) and anti-inflammatory markers (CD163/CD206), 
followed by MeFI fold change of each marker, depicting the polarization towards an anti-inflammatory phenotype. D IL-10, IL-6 and TNF-α presence 
determination by ELISA in macrophage supernatants. Next, sEV stored in RL were thawed from – 80 °C and stored at 2–8 °C for 24 h. E sEV size mode 
and concentration was evaluated by NTA. F Presence of CD63, CD81 and CD9 in sEV was evaluated by bead-based flow cytometry. Representative 
histograms followed by the fold change of MeFl of each marker relative to its respective isotype control are shown. G hmMØs polarization assay 
with sEV stored in RL using three independent monocyte’s donors for macrophage differentiation and polarization assay; representative plots 
of untreated (control) and sEV-treated macrophages are shown for pro-inflammatory markers (CD86/HLA-DR) and anti-inflammatory markers 
(CD163/CD206), followed by MeFI fold change of each marker, depicting the polarization towards an anti-inflammatory phenotype. H IL-10, VEGF, 
IL-6, TNF-α and IL-1β presence determination by ELISA in macrophage supernatants. A Shapiro-Wilk test was performed as data normality test; 
unpaired t-test was applied for statistical analyses, n = 4 - 5 for storage at 24 months and n = 3 for stability after thawing; a.u. = arbitrary units. 
Floating bars = min to max, solid line = mean. Percentages in representative histograms refers to the bead population
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within facilities where this therapeutic approach can 
be applied. As shown in Fig.  7E, both the particle 
modal size and the concentration of the formulation 

remained stable at 24  h (size: 130.6 ± 11.7  nm; concen-
tration: 2.34 ×  1011 ± 1.14 ×  1011) compared to the ini-
tial time point (size: 119.2 ± 1.2  nm; concentration: 

Fig. 7 (See legend on previous page.)



Page 23 of 32Figueroa‑Valdés et al. Journal of Nanobiotechnology           (2025) 23:13  

2.96 ×  1011 ± 1.70 ×  1011). Regarding the identity markers, 
the MeFI values revealed that the expression of the tet-
raspanins remained consistent at 24 h (CD63 = 36.9 ± 0.5; 
CD81 = 8.1 ± 1.6; CD9 = 6.9 ± 0.8) compared to the basal 
time (CD63 = 28.7 ± 1.3; CD81 = 7.3 ± 1.9; CD9 = 5.6 ± 0.9) 
(Fig.  7F). Potency assays showed that 24  h storage 
does not alter the capacity of the sEV product to drive 
hmMØs towards the M2b state. Flow cytometry showed 
the increased expression of CD206 and CD163 along 
with reduced expression changes of HLA-DR and CD86, 
as shown in Fig.  7G. Likewise, cytokine quantification 
demonstrated an increased secretion compared to con-
trol macrophages of IL-10 (control = 132.4 ± 34.94  pg/
mL; sEV = 842.2 ± 215.5  pg/mL), VEGF (con-
trol = 11.57 ± 10.15  pg/mL; sEV = 107.3 ± 33.97  pg/mL), 
IL-6 (control = not detected; sEV = 2,523 ± 1,541 pg/mL), 
TNF-α (control = not detected; sEV = 142.9 ± 87.24  pg/
mL) and IL-1β (control = not detected; 
sEV = 20.16 ± 14.10  pg/mL) (Fig.  7H). Collectively, these 
data show that thawed sEV therapeutics remain stable for 
24 h at temperatures ranging from 2  °C to 8  °C. During 
this period, no significant alterations in size, concentra-
tion, specific protein markers, or potency were observed. 
Consequently, storing sEV within this temperature range 
could be an optimal storage condition.

Case report: first‑in‑human sEV administration 
in osteoarthritic knee
A 56  year-old woman with symptomatic knee OA was 
recruited for the IA injection of sEV. Owing to her pro-
fessional occupation, she spent most of the day on her 
feet. Initial assessment revealed a pain-centric clinical 
presentation, with a limited gait range of 40 m and Kell-
gren-Lawrence stage II OA evident on radiography. She 
had no history of infiltration, arthroscopy, or surgery 
of the affected joint. Clinical examination indicated the 
absence of deformity, effusion, and preserved joint range, 
along with a positive patellar grinding test and nega-
tive Apley compression test. The body mass index was 
30.2 kg/m2.

Patient-infiltrated therapy was subjected to strict qual-
ity controls at critical stages of the manufacturing process 
for its approval for clinical use, including its characteriza-
tion by immunophenotyping for CD63, CD81, and CD9 
markers. Syntenin-1, Flotillin-1 and Calnexin were not 

detected by WB. Sterility was verified by automated aer-
obic/anaerobic blood culture testing, mycoplasma and 
endotoxin tests, and all tests were negative.

The patient’s baseline visual analogue scale (VAS) 
score was 60 mm, and her Western Ontario and McMas-
ter Universities Osteoarthritis (WOMAC) index was 
79.6 (pain = 13, stiffness = 5, function = 61.6). After six 
months, the VAS and WOMAC indices were mark-
edly reduced to 0  mm and 2 (pain = 0, stiffness = 0, 
function = 2), respectively. At 12  months, a sustained 
response was evident, with a VAS score of 0  mm and 
WOMAC index of 23 (pain = 3, stiffness = 2, func-
tion = 18) (Fig.  8A), allowing the patient to complete an 
unrestricted 200  m walk. Safety assessments revealed 
only transient post-injection pain, which was managed 
with acetaminophen and ibuprofen, and no joint effusion. 
No local or systemic symptoms or diseases were recorded 
during the 1 year follow-up. MRI images of the patients’ 
knees at baseline and six months (Fig. 8B) were analyzed 
by Image Analysis Group (IAG; a third party based in 
London, UK). Following QC using IAG’s proprietary 
technology and processes, the volumetric sequences SAG 
3D SPAIR and SAG 3D WATSc were selected to study 
the progression of cartilage damage. Quantitative volu-
metry obtained via artificial segmentation of the femoral 
cartilage showed consistent hyaline cartilage volume pre- 
and post-treatment in both SAG 3D SPAIR and SAG 3D 
WATSc sequences, with no sign of degradation (Fig. 8C).

Clinical trial design
In phase I, three cohorts are planned with four subjects 
in each cohort receiving a three-fold escalating dose of 
2 ×  109 ± 0.5 ×  109 total particles, 6 ×  109 ± 0.5 ×  109 total 
particles, or 2 ×  1010 ± 0.5 ×  1010 total particles. These 
exploration doses will seek to determine the optimal 
dose to advance to phase II. Due to the characteristics 
of the sEV-based product and its manufacturing con-
siderations, the exploration dose in the clinical case 
(2 ×  1010 ± 0.5 ×  1010 total particles) was established as 
the maximum tolerable dose feasible to investigate in the 
early-phase clinical trial. The medium and low doses cor-
respond to a reduction of three-fold each, an escalated 
dose magnitude recommended by the FDA in its guid-
ance for the design of early clinical trials using cellular 
products 17.

Fig. 8 First-in-human sEV administration over time and phase I clinical study design. A WOMAC index evolution during one-year post- sEV 
administration, divided in subscales: pain, stiffness and function. B Representative sagittal views of the first patient’s right knee at baseline (left) 
and 6 months following sEV therapy treatment (right). Articular cartilage is indicated by arrows in lateral femur condyle and lateral tibia condyle. 
Images were analyzed by an external company using proprietary software. C Six month comparison of cartilage volumetry based on SPAIR 
and WATSc sequences obtained from third party’s image analysis report. a.u. = arbitrary units. D Clinical phase I study design outline

(See figure on next page.)
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Fig. 8 (See legend on previous page.)
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For the phase I, controlled, prospective, non-compar-
ative clinical trial using a defined dose-escalation proto-
col of UC-MSC-sEV for the treatment of knee OA, the 
incidence of both serious and non-serious adverse events 
directly attributed to- or resulting from the sEV infusion 
will be reported. This evaluation will extend from the 
early post-infusion period through 12 months of follow-
up. The analysis of the primary safety endpoint will focus 
on the characterization of the proportion of adverse 
events in each treatment arm, while the secondary end-
point will be used for the design of the phase II trials. The 
analysis of the change in the WOMAC and VAS scores 
will allow us to evaluate the effectiveness of the product 
based on sEV in a small sample size. Analysis of the fre-
quency of adverse events along with overall assessment 
of potential efficacy using clinical endpoints will allow us 
to determine safety and whether to proceed with a phase 
II trial. The study design flow is summarized in Fig. 8D.

Discussion
The clinical use of cell-derived biologics such as sEV 
encompasses different modalities, and their manufactur-
ing processes may be vastly different from those of other 
therapeutics. Although identifying appropriate preclini-
cal  in vivo  models to study the potential of sEV-based 
therapeutics can be challenging, the findings of this study, 
based on a well-established CIOA animal model, under-
score the potential of UC-MSC-derived sEV as a novel 
therapeutic avenue to address the complexities of OA. 
The success of the early development of novel therapeu-
tics is heavily dependent on robust findings and complete 
preclinical data focusing not only on function, safety, 
and efficacy, but also on manufacturing, quality control, 
scaling, stability, and storage cues. Hence, issues related 
to pharmaceutical categorization are essential, and the 
regulatory aspects of the manufacturing and application 
of new therapeutics must be vigorously implemented 
[40]. A unified framework from early phase development 
to the commercialization of sEV-based drug products 
is still in progress. Nonetheless, we provide substantial 
advances in establishing a robust framework, beginning 
with the development of a sEV-based therapy, demon-
strating consistent production, reproducible batches, and 
confirming the safety of clinical-grade products via initial 
human trials. The outcomes of our preclinical studies are 
consistent with those of prior research highlighting the 
regenerative and anti-inflammatory properties of MSC-
sEV in mitigating joint degeneration, especially in the 
context of osteoarthritis [8, 13, 60, 70].

In our previous controlled randomized phase I/II tri-
als, we described the safety and anti-inflammatory effect 
of IA injection of UC-derived MSC, the parental cells 
used to produce sEV. We also identified optimal dose 

and number of injections required to achieve clinical 
efficacy in patients with OA [47, 48]. The demonstration 
of the safety and clinical efficacy of the parental cells is 
relevant for de-risking the use of UC-MSC-derived sEV, 
but it cannot be fully extrapolated to the sEV product, 
and similar studies need to be performed. In this study, 
detailed characterization of UC-MSC-derived sEV under 
non-cGMP conditions underscores their potential as a 
therapeutic option for OA. The manufacturing protocol 
follows a designed workflow adhering to the stringent 
guidelines of the USA CFR FDA Title 21, Part 211: Cur-
rent Good Manufacturing Practice for Finished Phar-
maceuticals (§211.1–211.208), from tissue procurement 
to final product packaging, validating the identity and 
purity, and ensuring reproducible production of the iso-
lated UC-MSC-sEV. Comprehensive analyses, including 
morphology, size, and protein marker assessments, con-
firmed the small extracellular vesicle classification [87]. 
Notably, a specific expression pattern of transmembrane 
tetraspanins was identified in all the sEV batches, with a 
consistent hierarchy of CD63 > CD81 > CD9. Syntenin-1 
expression in sEV products has also been detected, pro-
viding evidence to support an endosomal biogenesis 
pathway for these extracellular vesicles [4]. The presence 
of MSC surface antigens CD90 and CD44 [16], was con-
firmed in the sEV products, indicating their MSC cel-
lular origin [89]. The reduced MHC class I expression 
and absence of MHC class II in sEV products suggests 
a potential immune privilege that limits recognition by 
cytotoxic T cells and minimizes immune response risks 
[66, 71]. This characteristic, which is expected due to the 
parental cell origin [7], enhances the safety profile of allo-
geneic sEV-based therapies. The molecular cargo profile 
revealed a consistent shared repertoire of miRNAs and 
proteins, indicating the degree of standardization of the 
manufacturing process. Despite the inherent variability 
between samples, identification of a core molecular sig-
nature suggests the practicality of obtaining sEV with 
reproducible and specific compositions. The established 
reproducibility and consistency of the molecular cargo of 
sEV are clear advances that promote confidence in trans-
lating preclinical developments into clinically relevant 
therapeutic interventions. While some studies have sug-
gested that EV-borne miRNAs do not act as effectors of 
cell-to-cell communication [1], future research should 
delve into elucidating the specific contribution of this 
core molecular signature to the observed therapeutic 
effects in OA, paving the way for a better understanding 
of the treatment’s MoA.

Although the therapeutic impact of sEV may not 
depend exclusively on the internalization and transfer 
of their molecular cargo, evidence in literature under-
lines the pivotal role of these mechanisms in achieving 
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therapeutic actions 49. In this study, the internalization 
of sEVs in key cells for the regulation of OA progression, 
such as chondrocytes, synoviocytes, and macrophages, 
was evaluated [29, 28, 73, 90]. The internalization assay 
confirmed the intracellular presence of sEV in these 
cells, confirming their potential as acceptors for the 
therapeutic effects mediated by sEV. A proof-of-concept 
experiment demonstrated a miRNA cargo shuttle in 
chondrocytes, synoviocytes and macrophages, empha-
sizing the specificity and potential therapeutic impact of 
sEV-mediated content delivery within diverse cell types 
constituting the OA joint microenvironment.

In OA pathology, inflammation and oxidative stress 
are closely integrated during disease progression, with 
elevated inflammatory mediators contributing to joint 
tissue abnormalities [46]. Local inflammatory responses, 
spearheaded by resident macrophages with a predomi-
nant pro-inflammatory phenotype [35], increase oxida-
tive stress and accumulate ROS [46]. This alters cellular 
homeostasis in the joint, affecting cartilage metabolism 
and the viability of its cellular components, while per-
petuating the inflammatory cascade [58]. Regulating the 
cellular redox balance and reducing the prevalence of 
pro-inflammatory macrophages within the joint are piv-
otal considerations for mitigating the severity of OA, as 
previously described [41, 43, 82]. In this context, our  in 
vitro  data showed that sEV treatment triggered the 
polarization of naïve (M0) macrophages into an M2b-
like phenotype by targeting critical transcriptions fac-
tors involved in macrophage polarization and protected 
hOAC from ROS-induced apoptosis. M2b macrophages, 
also known as regulatory macrophages, are characterized 
by the expression of CD86 and various pro-inflammatory 
cytokines, such as TNFα, IL-6, and IL-1β, and elicit sig-
nificant expression and secretion of the anti-inflamma-
tory IL-10 cytokine [85]. Our findings suggest that the 
molecular mechanisms underlying this polarization may 
involve the modulation of STAT1. By downregulating 
STAT1 expression, sEV facilitate a shift towards a mac-
rophage profile that supports resolution of inflammation 
and tissue repair, processes that are essential for protect-
ing chondrocytes and maintaining joint homeostasis in 
OA. The acquisition of an M2b phenotype is crucial for 
resolving inflammation in the OA joint, since these cells 
significantly suppress the immune response, impede 
naïve macrophage polarization into an M1-like state, 
and resist repolarization into M1-like macrophages [10]. 
This would contribute to reducing extracellular inflam-
matory proteins and simultaneously protecting chon-
drocytes from ROS-induced apoptosis and establishing a 
healthy microenvironment. These findings are consistent 
with previously reported results for other experimental 
MSC-sEV therapies, where an anti-inflammatory effect 

on macrophages was also observed [42, 9755]). At the 
clinical level, the M1/M2 macrophage ratio has been sig-
nificantly associated with the Kellgren-Lawrence grad-
ing system in knee OA, indicating that it is a potential 
predictor of OA severity [43, 101]. The immunomodula-
tory effects on macrophage reprogramming shown here, 
might additionally, represent the MoA by which sEV can 
skew the inflammatory microenvironment towards a 
pro-chondrogenic status, leading directly to a decrease 
in pain and stiffness scales in patients. Investigating 
the potential of UC-MSC-sEV products to repolarize 
M1-like macrophages into the M2b-like state and validat-
ing their biological impact on synovial macrophages will 
be investigated in future studies.

By performing in silico analysis, we identified at the 
molecular level that miRNAs and proteins transported by 
sEV may be involved in orchestrating molecular events, 
particularly related macrophage-mediated inflammatory 
responses. Using various bioinformatic tools, the analysis 
revealed 16 miRNAs with distinct functionalities related 
to OA and immunological processes, as documented in 
several studies. miRNA-107 has been identified for its 
protective role against knee OA, which is characterized 
by the reduction of caspase-1 activity and the inhibition 
of IL-1β [64]. Furthermore, circulating miRNA-320a has 
been linked to the promotion of an M2-like immuno-
suppressive phenotype, suggesting its possible involve-
ment in the regulation of inflammation [21]. In addition, 
miRNA-222-3p, miRNA-27a and miRNA-125a-5p were 
detected in all sEV batches. These miRNAs have been 
associated to play a crucial role into M2b-like polariza-
tion of macrophages [85]. In line with these findings, we 
validated STAT1 and PPARγ as potential miRNA target 
genes in macrophages, which was also associated with 
an increase in IL-10 production in macrophages exposed 
to sEV. The above findings allow us to better understand 
the molecular mechanisms that may be modulated by 
UC-MSC-sEV and potentially intervene in the inflamma-
tory processes associated with OA using sEV enriched in 
specific molecular components to further improve their 
impact on immunological processes.

The efficacy of UC-MSC-sEV treatment was demon-
strated in the CIOA murine model, where μCT analy-
sis revealed reduced BMD and BS/BV in sEV-treated 
animals, indicating a protective effect on joint integrity. 
Notably, histological assessment showed signs of joint 
regeneration, confirming the role of sEV in protect-
ing cartilage and bone from degradation. The Pritzker 
OARSI score also indicated the regenerative potential of 
sEV therapy for hyaline cartilage. Additionally, immune 
cell analysis revealed an anti-inflammatory effect, reduc-
ing the number of pro-inflammatory Th17 and Th1 
cytokine-producing cells after sEV administration. 
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Previous studies using UC-MSC-sEV-based therapies 
reported outcomes similar to those observed in this study 
[102]. For example, the study conducted by Li et al. [42] 
indicates that UC-MSC-sEV can alleviate cartilage degra-
dation in OA by delivering key proteins and modulating 
the PI3K-Akt signaling pathway through miRNAs, pro-
moting M2-like macrophage polarization, and exhibiting 
potent immunomodulatory potential. Likewise, Zhou  et 
al. [100] report that UC-MSC-sEV treatment inhibits the 
secretion of pro-inflammatory factors in macrophages, 
prevents cartilage extracellular matrix degradation, 
enhances chondrocyte proliferation and migration, and 
inhibits chondrocyte apoptosis.

With respect to the biodistribution studies, the data 
indicates that sEV remain localized in the joint space for 
at least 72 h. This result reinforces the safety profile for 
IA administration due to the absence of leakage of sEV 
to other organs. Coupled with the expression profile of 
MHC class I and II in sEV and the absence of cytotoxic-
ity observed in huOAC after different treatment doses in 
vitro, these results collectively confirmed the safety 
profile of the therapy in non-clinical safety studies. The 
choice of local delivery through IA administration pro-
vides an advantage by ensuring higher concentrations of 
sEV to the site of injury and increasing their uptake by 
target cells, particularly those within the knee joint space, 
while limiting off-target effects and the necessity of high 
and repetitive dosing.

After establishing the efficacy and safety profile in pre-
clinical settings, the development of the UC-MSC-sEV 
product began with GMP homologation and validation 
to meet regulatory requirements and ensure the safety 
and quality of treatment. The product demonstrated con-
sistency in size, concentration, and identity after modi-
fication of its formulation (RL as the vehicle). Notably, 
the sEV-based product retained its potency, defined as 
its ability to induce an anti-inflammatory state in naïve 
macrophages. After rigorous evaluation of its stability, 
the functionality of the product during long-term stor-
age and within a defined shelf life was evident, further 
validating the potential of UC-MSC-sEV as a viable and 
robust therapeutic option for clinical translation.

The safety profile and promising impact of sEV-based 
therapy was evident in a 56  year-old woman with knee 
OA which highlights the potential therapeutic activity of 
sEV for OA treatment. Following IA administration, the 
patient showed notable and long-lasting improvement in 
pain and disability. Clinical assessments, including VAS 
and WOMAC index scores, showed substantial improve-
ments at 6 months and persisted at the 12 month follow-
up. The patient’s unrestricted completion of a 200  m 
walk further denotes the potential therapeutic efficacy 
of sEV in managing knee OA symptoms. Safety analysis 

revealed only transient pain post-injection, well managed 
with medication, with no recorded adverse events during 
the 1 year follow-up, indicating a favorable safety profile. 
Imaging assessments using a third party’s proprietary 
image analysis software indicated the absence of degen-
erative cartilage damage progression post-sEV treatment, 
suggesting that sEV intervention did not harm the joint 
structure. Moreover, the consistent values of femoral car-
tilage volume shown by the UK-based imaging company 
suggested that sEV therapy “may halt cartilage reduction”. 
The increase of WOMAC index scores at one year is 
expected as sequential dosing might be needed. The fre-
quency and dose responses will be addressed in sequen-
tially planed clinical phases following the analysis of 
findings from the upcoming phase I clinical trial.

The design of the phase I clinical trial was based on a 
wealth of knowledge, integrating insights from diverse 
sources. Our prior clinical experience with OA therapy 
using UC-MSCs [47, 48] provided a foundational under-
standing. This experience, coupled with considerations 
of joint size and anatomy in mice and humans, informed 
by preclinical dosage data obtained from the murine OA 
model were pivotal for the dosing approach. Real world 
evidence and insights gleaned from Dr. Rohde’s group 
regarding the local intracochlear clinical application of 
sEV [86], was also taken into consideration in defining 
the dose-escalation protocol. The manufacturing fea-
sibility of the sEV-based product were also examined, 
further influencing the design of the protocol. This was 
particularly pertinent as the concentration of sEV that 
can be locally administered in the knee joint is strongly 
determined by the maximum volume of product that can 
be delivered into this joint (1–3  mL maximum volume 
according to information obtained directly from sur-
veyed orthopedic surgeons). The manufacturing capacity 
also influenced the trial design and size of the cohorts, 
as cautioned in the FDA guidance “Considerations for 
the design of early-phase clinical trials of cellular and 
gene therapy products” [17]. This collective knowledge 
guided the development of the submitted dose-escalation 
protocol.

Given the influence of manufacturing processes on the 
clinical application of sEV, the impact of manufactur-
ing processes on the clinical application of sEV cannot 
be overstated. As we advance safety and clinical effi-
cacy studies of sEV-based therapies, there is an urgent 
imperative to design, implement, standardize, and vali-
date new manufacturing protocols on larger scales. These 
protocols must enable the production of higher treat-
ment doses, facilitating diverse therapeutic regimens 
for patients who stand to benefit from these innovative 
advanced therapies.
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Conclusions
This research demonstrates a pioneering clinical treat-
ment employing UC-MSC-derived sEV for the treat-
ment of OA, providing preclinical evidence supporting 
the efficacy and safety of this therapeutic modality, and 
culminating in safe translation to the clinic. A registered 
phase I safety trial is currently underway in which sin-
gle doses of UC-MSC-sEV are administered by intra-
articular injection in 12 patients with moderate knee OA 
(NCT no. 06431152; title: “Administration of sEV derived 
from UC-MSC in patients with osteoarthritis of the knee: 
safety determination in a pilot dose-escalation study”) 
with a 12 month follow-up [80].

This study establishes a standardized manufacturing 
protocol and a feasible workflow for clinical grade sEV. It 
demonstrates initial safety in a first-in-human IA admin-
istration. Additionally, by establishing a proof-of-concept 
for upcoming studies into cutting-edge therapy modali-
ties for the management of OA, it fills the gap between 
preclinical promise and initial clinical application. Lastly, 
the developments discussed here provide a framework 
for developing regenerative medicine treatments for 
degenerative joint diseases.
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